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The state of the art of making titanium and titanium=-alloy shapes
by methods other than machining from wrought materials is reviewed.
The methods covered are casting, powder metallurgy, metal spray-
ing, electroforming and chemical vapor deposition. Of these methods
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PREFACE

This report is one of a series of state-of-the-art reports being
prepared by Battelle Memorial Institute, Columbus, Ohio, under
Contract No. DA-01-021-AMC~11651(Z), in the general field of
materials fabrication.

The making of titanium and titanium-alloy shapes by casting,
powder metallurgy, and other processes is reviewed. In addition to
casting and powder metallurgy, consideration was given to production
of shapes by spraying, electroforming, and chemical vapor deposi-
tion. The report brings together information from a wide variety of
sources for the purpose of making it available to those who can use
it in industry, in the military, and in the aerospace industry.
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TECHNICAL MEMORANDUM X-53437

THE MAKING OF TITANIUM AND TITANIUM-ALLOY SHAPES
BY CASTING, POWDER METALLURGY, AND OTHER PROCESSES

SUMMARY

CASTINGS

Because of its high reactivity with air, titanium is melted and
cast in a vacuum. Furnaces are available for melting up to 600
pounds of titanium. The furnaces employ consumable electrodes and
have a water-cooled copper crucible. A skull of solid titanium forms
against the crucible and thereby prevents contamination of the molten
titanium. Power input is controlled so that a suitable skull thickness
is maintained.

Molds for casting titanium may be made of mild steel, copper,
solid graphite or a rammed graphite mixture. Metal molds produce
castings that are essentially free from surface contamination, but
they have a strong chilling effect and the castings are apt to have sur-
face laps. Most castings are made in rammed graphite molds. The
surfaces of the castings are contaminated with carbon to depths of 15
to 30 mils. This contamination does no harm to corrosion resistance,
but does reduce resistance to fatigue. It is common practice, there-
fore, to remove about 15 mils from the surface by pickling. Surface
finish of castings made in rammed molds is about 120 to 300 micro-
inches, rms. This is similar to the finish on sand castings of the
more common metals.

Although titanium castings became available late in the 1950's,
production increased slowly until about 1963, mainly because of their
high cost. Since then lower sponge costs have permitted reductions
in the price of castings. The lower prices, in turn, have stimulated
increased consumption. Materials being cast include unalloyed tita-
nium and the Ti-6Al1-4V and Ti-5Al1-2%Sn alloys. Titanium and
titanium-alloy castings of good quality can be purchased from at least
two sources, Oremet and TMCA.

POWDER-METALLURGY PRODUCTS

Powder metallurgy has been shown to be a practical method for
making titanium parts. Currently, powder-metallurgy parts can be



purchased from at least one supplier. Titanium sponge, made either
by sodium or magnesium reduction of titanium tetrachloride, can
serve as the starting material for making titanium powder. Sodium-
reduced sponge is more friable and, therefore, may be the preferred
material. By wet attrition milling in ice water it is possible to con-
vert the sponge into powder of satisfactory purity. The sponge may
also be embrittled by hydriding to make it more easily crushed.
Titanium-powder size of -100 + 300 mesh is well suited for pressing
into parts.

Titanium powder may be cold pressed at pressures generally
between 30 and 50 tsi, then sintered in vacuum or a high-purity-argon
atmosphere. Vacuum of about 10~4 mm of mercury seems to be the
preferred atmosphere. The sintering temperature may be 2000 to
2350 F, depending upon specific circumstances. Vacuum hot press-~
ing in machined graphite molds is a second procedure particularly
suited to making relatively small numbers of a given part. Hot
pressing is usually carried out at about 1560 to 1650 F. Both pro-
cedures can result in parts of high density and having mechanical and
corrosion properties similar to those of forged material. In addition
to unalloyed titanium, a variety of titanium-manganese, titanium-
aluminum, and titanium-aluminum-vanadium alloys have been made
successfully by powder metallurgy. Although elemental powders have
been used in the past, prealloyed powders, if available, probably
should permit shorter sintering periods and/or lower sintering
temperatures.

Consolidation of titanium powders by roll compacting is readily
accomplished. However, the requirement for high-purity argon- or
vacuum-sintering atmospheres creates a serious block to the contin-
uous production of strip by this method. Vacuum or argon sintering
of the green strip in coil form would seem to be feasible.

Other methods of consolidation can be used with titanium powder
just as they can with the more common metal powders. These in-
clude cold and hot isostatic compaction, high-velocity compaction,
and loose-powder sintering. However, these methods have not been
used to any extent with titanium powders.

Currently, there is interest in improving the strength properties
of titanium through incorporation of inert materials, both in the form
of dispersed particles and by use of fibers. Thorium oxide is an ex-
ample of a dispersed particle. Strengthening with molybdenum and
tungsten {ibers is under investigation.




SPRAYED BODIES

Spraying as a means of applying titanium coatings to other mate-
rials or for making free-standing shapes has received very little
attention. Plasma spraying of titanium appears to be feasible, if
there were any economic or technological justification for doing so.
Formation of metal-to-ceramic seals appears to be a potential appli-
cation. Also, there may be justification for use of spraying in the
future to restore worn areas on any costly titanium parts.

ELECTROFORMS

Titanium has been electrodeposited on steel mandrels from
molten salts at 1400 to 1740 ¥F. Hollow cylinders and vessels were
formed in this manner. However, with other cheaper methods avail-
able for fabricating titanium there is little incentive for use of
electroforming.

CHEMICAL VAPOR DEPOSITION

Dense microcrystalline deposits of titanium can be produced by
thermal decomposition of titanium tetrabromide at temperatures of
1832 to 2552 F. By depositing onto a suitable disposable mandrel,
it would be possible to produce titanium shapes. There is no record
of chemical vapor deposition being used for this purpose.

INTRODUCTION

Most of the titanium and titanium alloys presently used are
wrought materials arrived at by melting sponge, casting into ingots,
rolling into mill shapes, then forging and/or machining into the de-
sired final shapes. This is an involved process requiring a number
of costly operations which, for many parts might well be circum-
vented through use of other alternative procedures. The two most
promising alternatives, casting of shapes and using powder-
metallurgy techniques, are not new. Both procedures were used to
a limited extent in the early development of titanium. They were
bypassed for the most part because the wrought material seemed to
offer a better chance to ensure the high quality of parts required for
the aircraft industry. Gradual improvements in technology in both
fields make reconsideration of these methods as a cost-saving mea-
sure of considerable interest. Also, in some instances it is possible



to attain specific properties by means of powder metallurgy that can-
not be achieved by other methods, for example, controlled densities
less than theoretical and formation of composite materials having
unique strength properties.

It is the purpose of this report to present the state of the art in
making titanium parts by methods other than machining from wrought
materials. The methods included are casting, powder metallurgy,
electroforming, metal spraying, and chemical vapor deposition. The
sources of information include the open literature, unpublished re-
ports on Government contracts, and personal contacts with leading
authorities in the respective fields.

SHAPING BY CASTING

HISTORICAL BACKGROUND

The development of methods to produce titanium castings started
in the early 1950's. Castings became commercially available in the
late 1950's. Subsequent growth of the industry was slow chiefly be-
cause the high cost of castings obstructed a brisk demand for them.
Low demand hindered the development of production improvements
and attainment of production experience. Production experience was
gained concurrently as the price of the melting stock (titanium
sponge) dropped from the original Government-supported price of
$5/1b to the current price of $1.32/1b. By 1962, the titanium-casting
market had grown to about 10,000 annual pounds; the average price
was $20/1b. A marked continuing upward demand trend established
in the latter part of 1963 resulted in doubling of the sales (Ref. 1),
and the selling price was reduced by about 25 per cent (Ref. 2). A
typical 50-pound casting was then priced as low as $16/1b and larger
castings were priced as low as $9/1b. These are also the current
prices and are comparable with those for Hastelloy C castings of
equal size when the weight difference is taken into consideration.

By far, the bulk of the present market is supplied by the Oregon
Metallurgical Corporation (Oremet) at Albany, Oregon. Titanium
Metals Corporation of America (TMCA) at Henderson, Nevada, uses
a proprietary process to supply castings that are relatively small in
size and simple in shape.




MELTING METHOD

The chemical activity of molten titanium is so great that it cannot
be contained in any known crucible material without becoming con-
taminated. The only way that the molten metal can be held and han-
dled is in a cooled crucible against which molten titanium solidifies
to form a solid lining or '"skull', and thus protects the remaining
molten titanium from reacting with the crucible proper. Hence the
term skull-melting furnace.

In skull melting, a consumable electrode of titanium or titanium
alloy is melted under vacuum in a water-cooled copper crucible. At
a high current density, the electrode melts down rapidly to form a
superheated melt, which is then poured immediately within the
vacuum chamber. Drastic water cooling of the copper crucible main-
tains the thin titanium skull as a noncontaminating lining surrounding
the melt at all times. After completion of the pour, about one-
quarter of the melt remains as the skull lining.

The schematic diagram in Figure 1 shows the essential details of
a commercial skull-melting furnace used by Oremet, which is based
on the original development by the Albany, Oregon, station of the
Bureau of Mines. This furnace has a maximum melt capacity of 600
pounds of titanium. The crucible tilts to pour the melt into a funnel
(not shown), which leads the stream into the mold cavity. For maxi-
mum productivity per melt cycle, multiple castings are poured when-
ever possible to utilize the full capacity of the crucible. Castings can
be made either in static molds or in molds centrifuged about a verti-
cal axis. Centrifuge casting is preferred because it minimizes prob-
lems with gas porosity. A typical gating arrangement for centrifuge
casting is shown in Figure 2. Examples of castings are presented in
Figures 3 and 4.

Figure 5 shows a consumable electrode consisting entirely of
cleaned foundry returns joined together by the Heliarc welding pro-
cess. Repeated recycling of foundry returns gradually builds up the
interstitial content (carbon, oxygen, and nitrogen), which strengthens
the castings but decreases their ductility. To restrict this buildup,
the normal practice is to use about 75 per cent foundry returns in
constructing the electrode {Ref. 5). The balance of the electrode
consists of material that is low in interstitial content, i.e., product
vacuum arc melted from a compacted-sponge electrode (alloyed or
unalloyed) in a water-cooled copper ingot mold. Also up to 25 per
cent of the anticipated melt may consist of foundry returns or clean
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FIGURE 1. COMMERCIAL CONSUMABLE-ELECTRODE,
SKULL-MELTING FURNACE (REF. 3)




FIGURE 2. GATING AND RISERING ARRANGEMENT FOR
CENTRIFUGE CASTING (REF. 4)
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FIGURE 3. A 3-INCH GATE VALVE CAST IN
UNALLOYED TITANIUM (REF. 4)
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turnings placed as an additional starting pad in the bottom of the
crucible. This practice saves the expense of welding the pieces to
the electrode.

A typical melting procedure is as follows (Ref. 4). The elec-
trode and molds are assembled in the furnace. The furnace is sealed
and pumped down to less than 50 microns' pressure. With the elec-
trode at negative potential with respect to the crucible, an arc is
struck at about 5000 amperes and 30 volts. Within about 4 minutes,
this is adjusted to 12,000 amperes and 40 volts for a 9-inch-diameter
crucible or 14,000 amperes, 42 volts for a 12-inch crucible and
23,000 amperes and 38 volts for a 16- or 20-inch crucible. The two
largest crucibles (Ref. 5) in common use now have an electrode mea-
suring 12 inches in diameter. The electrode is lowered as its tip
melts off. The melting rate is about 20 pounds per minute.

When the desired amount of metal has been melted, the arc is
extinguished and, within 4 to 7 seconds, the electrode stub is re-
tracted and the melt is poured. The pouring must be rapid or an ex-
cessive amount of the melt is retained in the crucible as an unneces-
sarily thick skull. Such an occurrence can result in insufficient
metal for filling the mold.

A large graphite funnel is used to collect the melt during the
rapid pour and to direct it into the sprue of the mold. When the pour
is completed, the furnace chamber is backfilled with argon. After a
lapse of about an hour, the furnace shell is opened and the mold is

removed. A complete cycle time for melting and casting averages
about 3 hours (Ref. 6).

MOLDING MATERIALS

Mold materials that are sufficiently inert for casting titanium
are copper or steel, solid graphite, and a rammable graphite mix-
ture (Refs. 3,7) that requires firing at a high temperature. Molds
machined from copper, steel, or solid graphite (Grade CS) are suit-
able only for simple shapes that do not restrict the contraction of the
casting during solidification. If the restriction to solidification con-
traction is severe enough to cause hot tears in the casting, then a
rammed graphite mold or core must be used.

Impel Process. Mild steel is used as a permanent mold in
the TMCA Impel casting process, which is a form of die casting
(Ref. 8). Size limitations on Impel castings are 5 by 10 by 24 inches.
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Maximum section thickness is 1/2 inch without encountering porosity
or shrinkage voids. The minimum section that can be run is about
1/16 inch. A minimum draft of about 1/64 inch per inch is desired
for easy injection of the casting out of the mold. Cores as long as

12 inches can be pulled. A typical finish is better than 100 micro-
inches, rms. There is insufficient experience to specify dimensional
tolerances.

Impel castings are essentially free of contamination because of
the lack of metal-mold reaction. The ASTM specification B 367-61T
is applicable to Impel castings (see the Appendix).

As an example of die life in the TMCA process, 100 shots can be
made of a 12-pound pump impeller. Nine castings of an impeller,
which is 9 inches in diameter and has five blades, are required to
write off the cost of the die and make the price per casting competi-
tive with the price ($500) for an impeller fabricated by welding. It
has been estimated that an order for 25 would bring the price per
casting to half that of an impeller fabricated by welding.

Oremet Practice. In the Oremet practice, machined graph-
ite molds have a life of between 12 and 20 castings and are best suited

for casting simple shapes or very large sections. However, molds
machined from graphite, copper, or steel have such a strong chilling
effect that castings are apt to have surface laps. The majority of
castings are now made in rammed graphite molds because these
molds are less apt to produce surface laps or hot tears and because
they are generally less expensive than machined molds.

Rammed graphite molds are expendable in that they are used only
once. However, the molding material is reclaimable. Block graph-
ite in tube form is used for sprues and runners.

In some casting designs where a core is to be used, but is not
surrounded by massive amounts of metal, a graphite shell core is
desirable (Ref. 3). It is desirable because it can be cleaned out of
the casting much easier than a rammed graphite core. Also, as dis-
cussed later, the shell core increases the length of a section that can
be fed by a riser.

The rammable graphite mixture currently in use is a variation of

the original mixture developed by Field (Ref. 9). The formula is as
follows (Refs. 3,4):

12




Material Weight Per Cent
BB5 granular graphite 70
Laundry starch 5
Foundry pitch 10
C-3 carbonaceous cement 8
Water 7

Figure 6 gives the grain-size distribution of the graphite powder.
The carbonaceous cement is a proprietary product produced by the
National Carbon Company.

50

40— - R

30 - - — 4 Ve

20 - [ I —

Retained on Screen, per cent

6 20 4 7 | 7
12 30 ° 50 ° 100 4020& OPAN

U.S. Series Equivalent Sieve Number  a-sia6s

FIGURE 6. GRAIN-SIZE DISTRIBUTION OF
GRANULAR GRAPHITE (REF. 4)

Preparation of the ramming mix is as follows (Refs. 3,4). The
graphite and starch are mulled for 2 minutes; then the pitch is added
and mulled for 2 minutes. Water and the carbonaceous cement are
added and mulled for 4 minutes. Dense green molds are produced
with conventional patterns by using a pneumatic bench rammer
(Ref. 4). A vibrating draw machine minimizes dimensional varia-
tions in the mold during stripping of the pattern. Green molds nor-
mally have an AFS hardness of 80, compressive strength of 7 psi,
and an AFS permeability of 190. After firing the strength is 70 psi.
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The green molds are placed on graphite plates for handling
through the firing cycle (Ref. 4). First the green molds are air
dried for a minimum of 8 hours for slow removal of the moisture.
Most of the remaining moisture is removed by baking for a minimum
of 16 hours at 250 F. Then they are packed in graphite powder in
heat-resistant boxes and placed in an electrically heated furnace at
1200 F, after which the furnace temperature is raised to 1600 F.
The molds are held at this temperature for 8 to 24 hours, depending
upon the mass of the molds (Ref. 5). After firing they are removed
and cooled in a vacuum chamber (Ref. 4). The molds are stored in
an oven at 250 F to avoid pickup of moisture. Molds are assembled
and sealed in the skull furnace within a period of 2 hours after re-
moval from the storage oven to assure a low pickup of moisture.
Assembly of the molds is accomplished with steel clamps and bolts.
The cycle time for mold preparation is 5 to 6 days (Ref. 5).

The mixture for shell cores consists of 80 per cent BB5 granular
graphite, 8 per cent pitch, and 12 per cent phenol-formaldehyde
(Ref. 3). These materials are mulled for 5 minutes. With an air
pressure of 20 to 25 psig, the mix is forced into the core box and
densified. The core box, constructed of aluminum or block graphite,
i1s maintained at 250 F. An application of silicone grease plus a
spray with a silicone-water emulsion serves as a parting agent be-
fore investing each shell. The shell forms in an 8-second dwell time.
Then the shell is cured in the core box for a minimum of 1 minute
before it is stripped. It is subjected to the same firing cycle as the
rammed molds except that the initial low-temperature portion of the
cycle is omitted.

Graphite molds as a class contaminate the skin of castings with
carbon to a maximum depth of about 30 mils and an average depth of
15 to 20 mils as shown in Figure 7. This does no serious damage to
the corrosion resistance of the casting but, as shown later, chemical
removal of 15 mils of the surface markedly improves the fatigue-
endurance strength. The commonly used solution (Ref. 3) consists of:

2 parts nitric acid 15 to 25 oz/gal
3 parts hydrochloric acid 5to 9 oz/gal
Hydrofluoric acid 3 to 8 oz/gal
Acetic acid or 3 to 4 oz/gal
oxalic acid 0.3 to 0.4 oz/gal
Disodium phosphate 0.1 to 0.2 oz/gal
Wetting agent such as "Ultrawet To adjust surface tension
K'', Atlantic Refining Company to 30 to 40 dynes/cm
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The life of the pickling solution is limited to the removal of 20
ounces of titanium per gallon. Rate of removal of metal ranges from
0.3 mil per minute at a solution temperature of 90 F to 1.5 mils per
minute at 130 F. Castings must be cleaned of mold particles and
surface oxidation before pickling and washed in water after pickling.
Blasting with sand or chilled iron grit is an effective cleaning method.
Metallic grit blasting without light pickling leaves a coating of iron
dust on the casting that later shows up as a rusty surface. Garnet
grit is used on production castings to eliminate this problem (Ref. 5).

CASTING CHARACTERISTICS
Effect of Mold Materials on Properties. Mold materials have

little effect on the mechanical properties of titanium as illustrated by
the data in Table I for Ti-6Al-4V alloy castings (Ref. 3).

TABLE I. EFFECTS OF MOLD MATERIALS ON PROPERTIES OF Ti-0Al-4V ALLOY

Ultimate  Yicld Strength Notch
Tensile (0.2 Per Cent Llongation, Reduction of Arca, Tonsile
Mold Naterial Strength, ksi Offscr), ksi per cunt per cent Strength, ksi(@)
Machined graplite 135 116 7.0 130 205
Rammed graphite 135 115 7.6 13.0 194
Shell graphite 137.6 120 55 10,1 193
Copper 137.5 118 7.1 8.3 205

(a) Ky =3.37.
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Soundness of Castings. The feeding distance is the length of
section that can be made sound as a result of a riser supplying liquid
metal for the solidification shrinkage occurring in the section. For
an untapered plate cast in an unheated machined graphite mold, the
feeding distance is equal to the thickness of the plate (Ref. 3). Be-
yond this distance, centerline shrinkage will occur. Casting in a
heated mold does not improve the feeding distance. However, a
heated machined graphite mold does decrease the gas porosity in the
casting, presumably because of lower moisture content in the mold
at the time of pouring. A taper of at least 4 degrees must be present
in a machined graphite mold before any feeding improvement takes
place. In a rammed mold for a plate about 1/2 inch thick, for ex-
ample, a taper of 4 degrees doubles the feeding distance. Increasing
the amount of taper progressively improves the feeding distance in
both types of mold. The effectiveness of a taper decreases as the
section thickness increases. A parabolic type of taper that is re-
duced to zero at the feeding source is much more effective than a
straight taper. Because of its lower heat capacity, a shell graphite
core has a feeding distance that is 1-1/2 times greater than a
rammed core.

It is reported that the feeding distance is essentially the same
whether the mold is used for static casting or centrifuge casting
(Ref. 3). For minimum turbulence in the mold cavity during centri-
fuge casting, the stream should flow to the part of the mold farthest
away from the vertical axis and then enter into the trailing side of the
mold. Centrifuge casting at high speed (up to 600 rpm, depending
upon the weight of the casting and the radius of rotation) minimizes
problems with gas porosity.

Gas porosity is not a serious problem in centrifuge castings.
However, porosity resulting from shrinkage is a problem. A shrink-
age void is apt to be present in long thin webs that cannot be fed ade-
quately and in heavy isolated sections such as bosses and lugs, which
are the last areas to solidify. The first condition is corrected by
using a graphite shell core for that portion of the mold and/or suffi-
cient taper for adequate feeding of the section. The second condition
is corrected by padding and risering. The diameter of the junction of
the riser should be at least two times the thickness of the sectionbeing
fed. The volume of the riser is about the same as would be used for
steel castings.

Size Limitations and Casting Yield. Size limitations for
static and centrifuge castings are those that fit within the space
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limitations of the casting chamber, i.e., 54 inches in diameter and
30 inches in height (Ref. 5). Maximum poured weight is about 400
pounds. The minimum section thickness that can be run is 3/32 inch.
Horizontal centrifugal tube castings may be produced to 6 feet in
length and 24 inches in diameter.

Casting yield (trimmed casting weight/weight of metal poured)
depends upon the size, shape, and number of castings made in one
pour. Making multiple castings per pour within the space limitations
of Oremet's present skull-melting furnace provides an average yield
of 25 to 40 per cent. This compares favorably with the yield that
foundries obtain with steel castings (Ref. 5).

Dimensional Tolerances and Finish. For castings made in
rammed graphite molds, the value for the pattern-maker's shrinkage
is 3/8 inch per foot (1/8 inch for mold shrinkage and 1/4 inch for
metal shrinkage) (Ref. 3). Shrinkage from firing of shell cores is
about 3/16 inch per foot (Ref. 10).

General rules for dimensional tolerances on sections up to 10
inches cast in rammed molds are as follows (Ref. 3):

(1) For sections that do not cross the parting plane of the
mold, use £0. 015 inch for the first fraction of an inch
and widen this by #0.005 inch for the first inch and
each additional whole inch.

(2) For sections that cross the parting plane and are essen-
tially perpendicular to it, use 0. 023 inch for the first
fraction of an inch and widen this by £0. 005 inch for the
first inch and each additional whole inch.

The finish on castings made in rammed molds ranges from 120 to
300 microinches, rms. This is comparable with the finish on sand
castings of the more common metals. With machined graphite molds,
the finish on titanium castings is about 150 microinches, rms. Shell
cores give a finish that is comparable with rammed cores. When a
shell core is surrounded by massive amounts of metal, those areas of
the casting may have a rougher finish because of metal penetration
into the core surface.
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PROPERTIES OF CASTINGS

Copies of specifications covering titanium and titanium-casting
alloys are presented in the Appendix. The mechanical properties in
these specifications are compared in Table II.

TABLE 1I. PROPERTY SPECIFICATIONS FOR TITANIUM CASTINGS
Yield Strength Reduction  Bhn,
Specification Ultimate Tensile (0.2 Per Cent Elongation, of Area, 3000-kg
Designation Strength, psi Offset), psi per cent per cent load
Unalloyed Titanium
ASTM B367-61T, Grade C-1 65,000 min 55,000 min 12 min -- b
Oremet's OMC-105 65,000 to 105,000 55,000 to 95,000 12 min -- 235 max
(avg)
Ti-6A1-4V Alloy
ASTM B367-61T, Grade C-2 130,000 120,000 min 6 min -- -
Oremet's OMC-164-B 137,000 120,000 min 6 min 10 min --
Ti-5A1-2%Sn Alloy
ASTMB367-61T, Grade C-3 115,000 min 105,000 min 8 min -- --
Oremet's OMC 166-A 115,000 min 105,000 min 10 min -- --

Typical mechanical properties of these cast metals are listed in
Table III.

TABLE III. TYPICAL MECHANICAL PROPERTIES FOR TITANIUM CASTINGS (REE, 5)
Unalloyed Ti Ti~-6Al-4V Ti-5A1-2%Sn
Tensile Strength, psi 80, 000 147,000 140, 000
Yield Strength (0.2% Offset), psi 60, 000 130, 000 130, 000
Elongation, per cent 13 10 11
Reduction of Area, per cent 35 18 22
Brinell Hardness of Base Metal, 3000-kg load 201 311 321
Modulus of Elasticity, million psi 15.5 17.0 16.0
Charpy Impact (Room Temperature), fr-lb 3 17 8
Density, 1b/in.3 0.163 0.161 0.160

The minimum and typical values in Tables II and III can be ad-
justed to a certain extent by adjusting the nominal composition for

special applications (Ref. 5).

For example, Ti-6Al-4V castings have

been produced with up to 135-ksi yield strength and 155-ksi ultimate
tensile strength, yet retaining ductilities of 10 per cent elongation and

20 per cent reduction of area.
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produced with up to 75-ksi yield strength, 90-ksi ultimate tensile
strength, 20 per cent elongation, and 37 per cent reduction of area.
Castings of Ti-5A1-2%Sn have been produced with very low content of
interstitial elements for cryogenic applications. Tensile properties
of these special Ti-5A1-2Y%Sn castings are given in Table IV.

TABLE IV. TYPICAL TENSILE PROPERTIES FOR Ti-5A1-2%Sn CASTINGS
WITH VERY LOW INTERSTITIAL ELEMENTS

Room Temperature -423 F
Ultimate Tensile Strength, psi 109, 800 195,900
Yield Strength, psi 99, 800 160, 300
Elongation, per cent 17.0 11.6

The ASTM tentative specification covers unalloyed titanium and
the Ti-6Al-4V and Ti-5A1-2%:Sn alloys. However, Boeing's research
(Ref. 3) in cooperation with Oremet led to the conclusion that un-
alloyed titanium and the Ti-6Al-4V alloy adequately cover the three
alloys in the ASTM specification. The tensile properties of the
Ti-5A1-2%5n alloy were considered to be comparable with those of
Ti-6Al-4V alloy as indicated by the typical properties shown above.

Heat treatment of the alpha-beta alloy, Ti-6Al-4V, can increase
the strength, but at a loss in ductility (Ref. 3). For example, a
solution treatment at 1550 F followed by aging at 1100 F increased
the ultimate strength by 15,000 psi and reduced the ductility to one-
half of the as-cast value. Annealing at 1150 F was slightly beneficial
to ductility without affecting strength and may be used when a stress-
relief treatment is desired.

Figure 8 shows typical tensile properties of Ti-6Al-4V alloy
castings at elevated temperatures. Useful strength is retained at
temperatures up to at least 800 F. Figure 9 shows the tensile prop-
erties of unalloyed titanium at temperatures up to 800 F.

Improvement in the fatigue strength with removal of part of the
carbon-contaminated skin of Ti-6Al-4V alloy castings produced in a
graphite mold is presented in Figure 10. Although the depth of car-
bon contamination is sometimes up to 30 mils, removal of only 15
mils by pickling raised the fatigue strength from a level of 59,000 to
64,000 psi.

Research to develop a cast alloy with properties superior to those
of the Ti-6Al-4V alloy has not been too encouraging (Ref. 3).
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However, as a result of the effort that was made, Oremet has formu-
lated tentative specifications (see Appendix) for two alloys. One of
them is a Ti-4Al-8Zr-4Sn-1Fe-1Cr-1V alloy having the same mini-
mum ductility but higher minimum vyield strength and ultimate tensile
strength than the Ti-6Al-4V alloy: 130,000-psi yield strength,
150,000-psi ultimate tensile strength, 6 per cent elongation, and 10
per cent reduction of area. The other new alloy is Ti-2Cu. Its
minimum tensile properties are: 60,000-psi yield strength, 75,000-
psi ultimate strength, 12 per cent elongation, and 20 per cent reduc-
tion of area. As shown by the data in Table V the Ti-2Cu alloy was
found to have ductility superior to unalloyed titanium that was
strengthened to the same level by addition of interstitial elements.

TABLE V. TENSILE PROPERTIES OF UNALIOYED TITANIUM AND Ti{-2Cu ALLOY

Tensile Properties

Yield Strength

Ultimate Tensile (0. 2 Per Cent Elongation,
Strength, ksi Offset), ksi per cent
Unalloyed Titanium (OMC 105) (Ref. 5) 79.3 61.1 18.5
82.2 62.0 17.0
7.5 G1.6 18.0
80.7 61.1 21.5
Ti-2Cu (Ref. 3) 79,6 62,0 25.0
80.0 62.0 24,0
79. 06 G6l.0 25,

With respect to machining, all of the titanium alloys are compar-
able in toughness with austenitic stainless steel, except that work
hardening is absent (Ref. 4). Recommended tool angles are 3-degree
back rake, 3-degree side rake, 7-degree end relief, and 10-degrec
side relief. Cutting speed is 15 surface feet per minute with high-
speed tool steels that are air cooled or flooded with conventional o1l.

It may be assumed that titanium castings have the same resis-
tance to corrosive environments as wrought titanium. In general,
performance is good in oxidizing media and poor in reducing media.
A number of reports cover the subject quite extensively for the
wrought metal (Refs. 10,11).

FUTURE CASTING PROCESS
Production of pilot castings by a precision molding process is

currently under way by an undisclosed company (Ref. 12). Commer-
cial availability of the castings is expected in about 12 months.
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The process is capable of producing complex shapes to close
tolerance and very fine finish. It is believed that it will be restricted
to the production of relatively small castings. In large orders the
price of the castings may be as low as $2.50/1b. From a technical
and economic viewpoint this process could displace the Impel casting
process. It is not likely to displace the Oremet process for the pro-
duction of large castings.

SHAPING BY POWDER METALLURGY

POWDER PRODUCTION

From the standpoint of powder-metallurgy technology, the most
significant characteristic of titanium metal is its reactivity toward
compound-forming elements such as oxygen, nitrogen, and carbon.
As a direct result, the metallurgy associated with the production of
powder and with subsequent consolidation processes is strongly con-
ditioned to allow for this reactivity. Table VI shows the reactivity
of titanium toward some contaminants in comparison with that of iron,
a metal commonly consolidated by powder metallurgy. The driving
tendency to react, i.e., to be contaminated, is reflected in the mag-
nitude of negative free-energy values corresponding to particular
temperatures. The high negative values for the formation of titanium
compounds as compared with those for iron are significant for powder
production and also for subsequent fabrication operations. Also, the
fact that oxygen, nitrogen, carbon, and hydrogen are appreciably
soluble in titanium (Table VII) and that powders in general have high
surface/volume ratios contribute to contamination by these elements.

Nitrogen, oxygen, and carbon in that order are the most signifi-
cant embrittling agents for titanium. Figure 11 illustrates the
strengthening and embrittling effects of these three elements in terms
of an oxygen equivalent. The embrittling tendency is shown by the
rapid hardness and tensile-strength increases and the drop in the
reduction of area curve with increasing oxygen equivalent. Figure 12
relates tensile elongation to testing temperatures for three levels of
oxygen. Particularly at low testing temperatures oxygen content has
a marked influence on ductility.

The ease of contamination of titanium powder during consolidation

and the necessity for careful procedures are reasons in part for the
comparatively limited production of titanium parts although powder
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TABLE VI. STANDARD FREE ENERGIES OF FORMATION (REF. 13)
Compound T, K AF;, cal/mol
TiO 298 -117,150
FeO 298 -58,150
TiO 1400 -92, 600
FeO 1400 -41, 400
TiN 1400 . =49, 000
FeyN 1400 +12, 500
TiC 1400 -39, 600
FesC 1400 -940
TABLE VII, SOLUBILITIES OF IMPURITIES FOUND TO BE MOST
SIGNIFICANT IN THEIR EFFECT ON MECHANICAL
PROPERTIES OF TITANIUM (REF. 14)
Alpha Solubility, Beta Solubility,
Element wto wto
Hydrogen 0.175 (7. 8 at. %) 2.1 (50 at. %)
at 281 C at 640 C
Carbon 0.48 at 920 C 0.15 at 920 C
Nitrogen 7.5 at 1050 C 2 at 2020 C
Oxygen 15.5at 1770 C 2 at 1740 C
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metallurgy was used in the pioneer production of ductile titanium
(Refs. 15,16).

The production of titanium powder begins with the reduction of a !
compound, usually the tetrachloride to the metal in the form of a
sponge. A number of approaches to the production of metal have been
developed with varying degrees of success. These have been re-
viewed elsewhere (Refs. 17-23,25) and will not be considered in de-
tail here. Currently, the leading processes consist of either the
sodium or magnesium reduction of titanium tetrachloride. Figure 13
(Ref. 23) illustrates one procedure for making sponge by the sodium-
reduction route. The process flow sheet for the magnesium reduction
of the tetrachloride is similar. |

For powder production the sponge is milled to finer sizes. In
one procedure, the reduced mass is removed from the reduction
crucible and crushed directly. As the chloride-reaction product and
the titanium metal are intermingled, this material is more readily
crushed than is the metal sponge after purification. The crushed
product is then leached with dilute acid and dried, yielding a powder
having a particle size mostly -200 mesh. The +200-mesh material
can then be recycled. The product contains some magnesium and
magnesium chloride (assuming the magnesium-reduction route),
which cannot be completely removed by leaching, but can be elimi-
nated by a vacuum treatment at about 1000 C (1830 F). The oxide
content of the powder is usually high, owing to the leaching operation,
and may be 0.3 to 0.5 per cent. Other impurities are: magnesium,
about 1.00 per cent; iron, 0.05 per cent; carbon, 0.03 per cent; and
nitrogen, 0.015 per cent. The powder produced by this method is
ordinarily very fine, with the bulk of the metal finer than 10 microns.

An alternative procedure is that of heating the reduced sponge,
containing a little magnesium, and magnesium and titanium chlorides
in a vacuum. The resultant sponge metal still contains some impuri-
ties, mainly magnesium chloride. The metal is soft and cannot be
comminuted readily, but can be embrittled by hydrogenation, and then
milled. The particle size of the powder will vary with the degree of
hydrogenation and milling. Fine powder can be produced, although
the metal tends to oxidize even when precautions are taken. The oxy-
gen content is typically ~0.20 per cent, magnesium is now about 0. 30
per cent, carbon and nitrogen contents are about the same as for the
leaching method, i.e., 0.03 per cent and 0.015 per cent,
respectively.
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Other methods of peripheral interest include electrolytic produc-
tion, reduction of metallic oxide with calcium, and hydrogenation of
massive metal followed by grinding. Undoubtedly, the purest tita-
nium powder can be made by hydriding massive metal, but economic
considerations restrict its use as a large-scale production method.

Table VIII from Miller (Ref. 24) summarizes some of the fore-
going information. Table IX from Jamrack (Ref. 23) lists acceptable
impurity levels in U. S. Government purchasing specifications for
titanium sponge produced by vacuum distillation and by leaching pro-
cedures. Purity of sodium-reduced sponge can be inferred from
Table X (Ref. 23) which lists impurity limits in a U. S. Government
purchasing specification for sodium-reduced titanium sponge.

Table XI (Ref. 14), for purposes of comparison, notes the im-
purity levels corresponding to U. S. Bureau of Mines ''super purity"
titanium, typical iodide titanium, and a General Services Administra-
tion commercial-grade sponge.

The specific surface of titanium sponge or powder is influenced
by particle size and density and is an important factor in the purity
levels maintained, both during production of metal and during subse-
quent consolidation by a powder-metallurgy procedure. Table XII
illustrates the variation in specific surface of sponge made by differ-
ent procedures. Specific surface ranged from 0.1 to 0.2 mz/g for
the coarsest crystalline sponge, to 5 to 6 m2/g for microcrystalline
sponge. The average specific surface was 0.4 to 0.6 mé/g. Deter-
mination of oxygen and hydrogen in individual fractions showed ihat
their contents were directly proportional to specific surface. Oxygen
and hydrogen contents in relation to specific surface of one batch of
titanium sponge made by sodium reduction are plotted in Figures 14
and 15. The proportional increase of contaminants illustrates the
advantage of producing a coarsely crystalline material. Table XIII
shows a typical analysis for -60 +100-mesh powder, which is com-
paratively coarse from the standpoint of customary powder -metallurgy
technology.

The advantage of the coarser powder where higher purities were
required was recognized earlier by Dean and associates (Ref. 16) who
used powder 90 per cent of which was coarser than 200 mesh.

The production of powder from sponge is commonly done by grind-

ing of one kind or another. A procedure for keeping contamination
low during grinding is covered by U. S. Patent 2,892,697 (Ref. 26).
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TABLE 1X. PURITY REQUIREMENTS FOR THE PURCHASE OF MAGNESIUM-REDUCED
TITANIUM SPONGE - U. S. GOVERNMENT SPECIFICATION

After Jamrack (Ref. 23).

In Vacuum-Distilled In Leached Titanium,

Impurity Titapium, per cent per cent
Nitrogen 0.03 0.03
Carbon 0.03 0.03
Magnesium 0.20 0. 40
Chlorine 0.15 0.15
Iron 0.20 0.15
Manganese 0.20 0.20
Silicon 0.10 0.10
Hydrogen 0.005 0.03
Total of listed elements 0.70 0.80
Other metals not listed (each) 0.10 0.10
Other metals not listed (total) 0.25 0.25
Titanium (+ oxygen) Balance Balance

TABLE X. PURITY REQUIREMENTS FOR THE PURCHASE
OF SODIUM-REDUCED TITANIUM SPONGE -
U. S. GOVERNMENT SPECIFICATION

Afrer Jamrack (Ref. 23).

Impurity Per Cent
Nitrogen 0. 03
Carbon 0.03
Sodium 0. 05
Chlorine 0.30
[ron 0.10
Manganesc 0.10
silicon 0.10
Hydrogen 0.0125
Total of listed elements 0.70
Other elements not listed (each) 0.10
Total of clements not listed 0.25
Titanium (+ oxygen) Balance
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TABLE XI. IMPURITIES CORRESPONDING TO THREE TITANIUN NATERIALS (REF, 14)

Burcau of Mines — Super-Purity Titanium, per cent

Fe <0.03 Si 0. 03 Al <0.01 C 0.0l
Cr <0.03 vV  <0.02 N <0.001 Cl 0.09
Mg <0.03 Nn <0.03 Sn <0, 03 M 0.018
Na <0.038 Cu <0.006 Ni <0.03 O 0.033

Bhn, 79 (1500-kg load)
(85 Bhn predicted from oxygen-equivalent curve of Figure 1)

lIodide Titanium - 99.99%: Major Impuritics, per cent

C 0. 0001 Si 0. 005
O 0 10 0. 002 NMn 0.001
N 0 to 0. 002 Cu 0. 001

(45 Bhn cxpected on the basis of Figure 11)

Sponge Titanium — Commercial Grade, per cent
(To meet General Scervices Administration specifications)

Ti min  99.3 Mg max 0.5
N max  0.02 Cl max 0.15
C max U, 04 Fe max 0. 15

(Bhn ~ 125 max for 1560-kg load; 30-second dwell tine)

TABLE XII. SPECIFIC SURFACE VERSUS AVERAGE PARTICLE SIZE FOR TITANIUM
SPONGE NADE BY VARIOUS PROCEDURES (REF. 27)

O_A_S[)_L_‘_(if_iib:{_il“fgs‘iilng/g) of Titanium Sponge Nade By
Sponge Reduction of Reduction of Elcctrolytic
Particle TiCl, with TiCly with Electrolysis Refining of
Size, mm Magnesium Sodium of TiCly Titanium Scrap
+2.5 0.33 0.57 0.61 0.35
-2.5+1.6 0.42 .aT - 0. 38
-1.6+1.0 0.5t LG5 -- 0.49
-1.0+0.863 0.59 (R 117 0.7
-0.63 +0.40 0.71 0,74 2.06 0,79
-0.40 +0. 32 0.78 0.70 2.54 0.7
-0.32 +0.25 0.79 0,77 2,57 15
-0.25+0.16 0.82 0.83 2.68 0.76
-0.16 +0.10 0.90 (. 38 2.79 0. 74
=0.10 +0. 00 0.97 94 3.13 0.9t
-0. 06 +0, 05 -- .00 -- 0.9y
-0.05 113 1,20 4ol b 1o
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TABLE XIII. TYPICAL ANALYSES OF RELATIVELY COARSE TITANIUN POWDER
(-60 +100 MESH) (REF, 28)

Per Cent

Sample 1 Sample 2
Oxygen 0,11 0. 09
Hydrogen 75 (ppm) 90 (ppm)
Nitrogen 0.07 0,02
Iron 0.02 0. 06
Total light merals, as aluminum 0.07 0.085
Carbon 0.03 0.05
Heavy metals, as lead Nil Nil
Silicon 0. 05 0.03
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This patent deals with the grinding of titanium or titanium-base alloys
in ice water. Figure 16 illustrates the process flow sheet covered by
this patent. A suitable grinder is a rotating-disk pulverizer, lined
with titanium plates. The shearing action between the rotating and
the stationary disk is especially useful in comminuting sponge to pow-
der. The feed that can be handled is not confined to the -40 +30-
mesh-size range illustrated. Commonly, the sponge is milled until
it passes a 100-mesh screen at which stage between 20 and 40 per
cent may pass a 325-mesh screen. Open-air oxidation of the powder
begins to be a problem for particles smaller than about 250 mesh.

Titoniven -
powder product

A-51472

FIGURE 16. FLOW SHEET FOR COMMINUTION
OF TITANIUM ACCORDING TO
U. S. PATENT 2,892,697 (REF. 26)

Sodium-reduced sponge may be preferred to magnesium-reduced
sponge because it is more friable and, therefore, more easily melted
than the magnesium-reduced product. However, purity of sponge
from both sources is ordinarily adequate. Parts made from powder
generally meet the same purity specifications as titanium from arc-
melted sources, as illustrated by the following analysis representa-
tive of Clevite parts (Table XIV).

Titanium may be hydrided to embrittle it for easier comminution.

Absorption of hydrogen becomes rapid above about 400 C. Figure 17
from Dushman (Ref. 29) (originally from Sieverts) illustrates the up-
take of hydrogen for this purpose. An example of titanium hydriding
to facilitate grinding has been furnished by Rogers (Ref. 30). The
operation was performed by heating titanium granules to 700 C in
vacuum to condition the surface, and then allowing the granules to
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TABLE XIV. ANALYSES OF POWDER-METALLURGY PARTS (REF. 31)

Per Cent
Clevite
Alloy C N (@] H Fe Al \ Ti
CPT-2 0.02 0.01 0.16 0.005 0.04 ~-- -- Balance
CPT-2A 0.02 0.01 0.16 0.005 0.04 2.0 -- Balance

CPT-64AV 0.02

0.01 0.22 0.005

0.30 6.0 4.0 Balance

800

iI000C | 500¢C |
X 800C o;?x‘(T
700 Il | soocf] |
|
X f l I X
600 >l< I~ x——X Desorption || ,
o l/ O-—-O Sorption 4,
I 500 ’ X
E 1 X ,
PRI ]
q_r 400 r U
5 I P px I
2 | { x
o 300 T *—1
R I ]
200
175 —7 /‘ XX /x'—
100 U /
N
0 - =l 0%
O 50 100 150 200 250 300 350
cm? H, /G Ti A-51473
FIGURE 17. ISOTHERMS AT FOUR DIFFERENT

TEMPERATURES FOR THE
HYDROGEN-TITANIUM SYSTEM

(REF. 29)




cool in an atmosphere of pure hydrogen. Composition of the hydride
was between TiH] g and TiH] g, which would indicate complete satu-
ration. The ball mill used to grind the embrittled titanium was fitted
with a vacuum top to enable crushing to be done in an inert atmo-
sphere. It was found that incidental contamination during hydriding
and subsequent dehydriding was not very significant. Crushed 150 to
300-mesh hydride does not deteriorate on standing in air up to a
month, according to Bunshah and associates (Ref. 32). Hydrogen-
free powder can be produced by heating in a vacuum at 800 C (1470 F)
until all of the hydrogen has been evolved.

Table XV from Robins' paper (Ref. 33) shows the increasing
hardness of sintered compacts made from titanium hydrides of de-
creasing size fractions. The -300-mesh material would best be re-
moved since, as indicated by the corresponding compact hardness,
nitrogen and oxygen contents were excessive in this finer fraction.
It is possible to remove the hydrogen from the powder by a vacuum
treatment prior to pressing and sintering, but the product again be-
comes reactive toward contaminating gases. Therefore, it may be
preferable to press the hydride powder and decompose it during the
sintering process. The liberation of hydrogen during sintering ac-
celerates the densification rate and gives a higher sintered density,
possibly because of the increased mobility of the titanium atoms dur-
ing decomposition of the hydride.

TABLE XV. PROPERTIES OF SINTERED COMPACTS MADE FRONM TITANIUN HYDRIDE
POWDERS HAVING DIFFERENT PARTICIE-SIZE CHARACTERISTICS (REF, 33)

Average Particle Size Density of
British Standard Surface Area, Calculated From Compact, Hardness of Conmipact,

Screen, mesh sq cm /g Surface Arca, microns g/cc DPN
-20+30 205.0 6D, 04 4,22 121
-30+60 221.0 (0. 34 4,28 138
-60+100 273.4 48. 80 4,25 150
-100+150 335.3 39.80 4,33 189
-150+200 384.4 34,70 4,31 189
-200+240 496.4 26.86 4,32 134
-240+300 -- -- 4.35 206
-300 1009.0 13.22 4,43 267
-100+300 471.9 28,26 4.27 181

The hydride process has been considered as a possible method of
reclaiming scrap by a treatment similar to that described above for
sponge. The rate of hydrogen penetration into solid metal is slow,
however, and high reaction temperatures are necessary. In general,
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this route for powder production is too slow. The comminution of
scrap before hydriding would appear to be a preferable procedure for
making powder from massive scrap metal.

METHODS OF CONSOLIDATION

Conventional Cold Pressing. Although the powder metal-
lurgy of titanium is unique in certain respects, primarily due to its
reactive nature, it is handled, for the most part, as other metal
powders. Just as a metal casting must be designed to conform to the

flow and solidification processes occurring during its production, it
is necessary that the designer of a powder-metallurgy part consider
compacting and sintering limitations. Poor design configuration may
result in parts having homogeneous section density and inadequate
mechanical strength. Improper allowance for shrinkage during sin-
tering may result in out-of-tolerance parts. It is beyond the scope
of this section to discuss in detail the engineering design of powder-
metallurgy parts. It is intended only to indicate the need for design
considerations.

17.5
15.0
=
E |25
g
a 100
E
O
© 75
(o]
S 50 F
(]
e
25
0

0 75 50 25 O 25 50 75 10
Radial Distance ,mm A-51474

FIGURE 18. DENSITY DISTRIBUTION IN A COLD-PRESSED
METAL-POWDER COMPACT (REF. 35)

Height diameter ratio: 0.87.
Numbers refer to density in g/cm?3.
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In cold compaction of powder, uniform densification of the com-
pact is often a problem. Figure 18 illustrates the variation in com-
pact density obtained in even a favorably shaped die geometry. Metal
powders do not behave as fluids and, therefore, compaction forces
are difficult to transmit to all parts of an unfavorably disposed powder
fill. For this reason long, thin-wall tubing ordinarily cannot be made
by simple die compaction. Figure 19 illustrates the type of design
considerations that may have to be taken into account in cold die
pressing. Figure 20 shows typical examples of die-fill-section geom~-
etry for making compacted sections from loose powders. Silbereisen
(Ref. 34) noted that 'the problem arising with the compacting of metal
powders to complicated parts cannot be solved theoretically. 1t is
more or less essential to study the pressing process by practical ex-
periments. In pressing complicated pieces, false heights of die fill-
ing can create cracking and lamination'. Figures 21 and 22 illustrate
additional typical pressing operations. References 34,36-38 are
among a number that provide design- and compaction-mechanics
perspective.

The cold compactability of a titanium powder is illustrated in
Figure 23 from early Bureau of Mines work (Ref. 15). Table XVI
gives approximate density ranges to be expected in the as-cold-
pressed and in the subsequently as-sintered conditions. The cold-
pressing and sintering schedule is tailored to the part or shape being
fabricated, whether it is a large billet, a rectangular sheet bar, a
porous filter, or a small irregular shape in which maximum obtain-
able mechanical properties are expected. For titanium powder,
Dean (Ref. 15) found that, with pressures above 50 psi, the increase
in densification did not compensate for the disadvantages of the higher
pressures involved. Low compaction pressures are desirable from
die-wear considerations, but the larger attendant shrinkages during
sintering are detrimental to dimensional accuracy.

In cold compaction of metal powders, about 3/4 per cent of a
lubricant is normally blended with the powder prior to pressing. With
most powders, such as iron, copper, nickel, etc., contamination
from lubricants such as stearic acid or zinc stearate presents no
serious problem. Titanium, on the other hand, may be contaminated
excessively by use of such materials. However, those who have
solved the lubrication problems retain their information as proprie-
tary. Consequently, no information on lubricants is available for this
report.
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FIGURE 20.

A-51476

POWDER-FILL EXAMPLES (REF. 36)

39



40

FIGURE 20. (CONTINUED)
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a. Pressed Shape

b. Fill Space

FIGURE 21. RELATION BETWEEN FOUR PRESSED SHAPES
AND THEIR ANTECEDENT DIE-FILL
CONFIGURATIONS (REF, 34)
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FIGURE 22, PRESSING STAGES IN THE COMPACTION TO
SIMPLE SHAPES (REF. 34)
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FIGURE 23. RELATION BETWEEN DENSITY OF GREEN
COMPACTS AND COMPACTING PRESSURE
(REF. 15)

TABLE XVI. EFFECT OF PRESSING PRESSURE UPON DENSITY OF
PARTS PRESSED FROM PURE TITANIUM (REF. 28)

Density (Per Cent of Theoretical)
Tons/In.2 After Pressing After Sintering
30 83 to 85 87 to 90
50 90 to 93 92 to 95
60 93 to 95 95 to 97
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It is expected that organic lubricants that volatilize completely
without dissociation would be suitable. The principal function of the
lubricant is one of die-wall lubrication, both during pressing and to
assist in extraction of the pressed compact. Therefore, contamina-
tion could be kept to a minimum by using only die-wall lubrication if
the production rate were low enough to permit use of this method.

Sintering Temperature and Atmosphere. The effects of vari-

ations in sintering temperature have been demonstrated using

"Type A' powder of controlled particle size, i.e., 100 per cent -28
+100 mesh. Pressings 0.5 inch in diameter and 1 inch long were
sintered in a vacuum furnace at a pressure not exceeding 0. 05 micron
of mercury for 1 hour at 1000, 1200, and 1300 C. The results (Fig-
ure 24) indicate that high densities (above 90 per cent) can be achieved
by controlling sintering temperature and compacting pressure. In-
creasing sintering temperature had greater effect on density when low
compacting pressures were used. For a compacting pressure of

100 tsi, the effect of varying the sintering temperature was reduced
to an almost negligible amount.

20 ¢-— . - .-
Sintering Conditions W
1000 C (i1B32 F) | hour

HO 1200 C (2192 F) | hour ©

I 1300 C (2372 F) | hour

100 }- = Green density . ]

=]
Q
k)
L.
o
2
- 0.05-micron vocuum ..,Q%IH
= il
o 90| Tm i 4
o | wil) i
& 80 i 5 i 1
2 : |
2 70 1 H
@ gt ¥
& g » HL h
so0 LLAY \; : L
25 50 100
Compacting Pressure, tsi
A-51480

FIGURE 24. EFFECT OF PRESSING AND SINTERING
VARIABLES ON DENSITIES OF TYPE A
TITANIUM POWDER (REF. 39)

"Type B'" powder was used in demonstrating the effect of sinter-

ing atmosphere in as-sintered strength. This powder, having the
following sieve analysis, was somewhat finer than Type A.
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Mesh Per Cent

+100 0.1
-100 +200 61.3
-200 +325 28.0

-325 10.6

As shown in Figure 25, the effect of sintering atmosphere on
density was negligible in comparing vacuum and argon atmospheres.
Sintering in vacuum did, however, promote higher strength in tita-
nium powder pressed at the lower compacting pressures. The effect
on strength decreased when very high compacting pressures, corre-
sponding to high cold-pressed densities, were used.

Densification and shrinkage during sintering were observed by
Robins, Pitkin, and Jenkins (Ref. 40) on -150 +300-mesh hydrided
titanium. The comparatively rapid sintering rate of the hydride power
is evident in Table XVII.

Further data illustrating the effect of compacting pressures on
as-sintered mechanical and physical properties of titanium have been
presented by Weber (Ref. 41). Rather large pieces were pressed in
order to minimize the effect of die-wall friction. The Type B powder
used had the following sieve analysis: -100 +200 mesh, 4.5 per cent;
-200 +250 mesh, 4.0 per cent; -250 +325 mesh, 37.8 per cent; -325
mesh, 53.6 per cent. The pieces were vacuum sintered for 4 hours
at 2200 F and then furnace cooled. Table XVIII summarizes the data
obtained. The unalloyed titanium displayed an excellent combination
of strength and ductility considering that a single pressing and sinter-
ing were used. The strength was improved considerably in the press-
ing increment between 32 and 51 tsi. As in other work, strength and
density showed signs of levelling off at a pressing pressure of 58 tsi.

Dean and associates (Ref. 15) concluded that the optimum sinter-
ing temperature for titanium-powder compacts is somewhere in the
950 to 1000 C (1740 to 1830 F) temperature range. The objection to
higher temperatures lay in the embrittlement of the titanium due to
leakage into the furnace, which was operated at a pressure of 1 x 10-4
mm of mercury to distill off residual magnesium and remove hydro-
gen. In the absence of contaminating influences there is no reason
why somewhat higher sintering temperatures cannot be used. In more
recent Soviet work, titanium powder was vacuum sintered at 1400 C
(Ref. 42). The density achieved for any sintering temperature is
partially dependent on particle size. Figure 26 from Rogers (Ref. 30)
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FIGURE 25. EFFECT OF COMPACTING PRESSURE AND
SINTERING ATMOSPHERE ON DENSITY AND
TENSILE STRENGTH OF TYPE B TITANIUM
POWDER (REF. 39)

TABLE XVII. SHRINKAGE AND DENSIFICATION OF VACUUM-SINTERED (1072 MM Hg)
COMPACTS PRESSED AT 40 TSI USING -150 +300-MESH HYDRIDED
TITANIUNI (REF. 40)

Sintering Treatment _Density of Sintering

Temperature, Time, Shrinkage, Grams per Per Cent of
Cc hr per cent Cubic Centimeter Theoretical
1200 4 12.2 4,36 96.9
1200 8 13.2 4,40 917.8
1300 4 12.9 4.39 97.6
1300 8 13.3 4,42 98.4
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TABLE XVIII, MECHANICAL AND PHYSICAL PROPERTIES OF PRESSED AND
SINTERED UNALLOYED TITANIUM (REF, 41)

Pressing Pressure

Property 32 Tsi 51 Tsi 58 Tsi
Tensile Strength, psi 58, 000 70,000 73, 000
Yield Strength, psi (0.2% offset) 45,000 54, 000 57,000
Elongation, per cent in 1 inch 12 18 20
Reduction of Area, per cent 15 24 25
Hardness, Rp T1.5 85
Brinell, 500-kg load 96.3 114
Impact Properties (V-Notch Charpy),
ft-1b 2.75 5.0

Fatiguc-Strength (Rotating Beam
10,000 Cycles Per Minute) Endur-

ance Limit, 107 cycles 32, 000
Endurance Ratio, per cent 45
Green Density, per cent of

theoretical, 0. 163 1b/in. 3 87.0 93.5 94,7
Sintered Density, per cent of

theoretical, 0.163 1b/in.3 90.5 95.0 97.0

Coefficient of Thermal Expansion,

RT to 500 F Avg., microinch per

degree F 4.11
Electrical Resistivity, ohim-cm 1076 61
Thermal Conductivity, cal sec b em™2

cm C1 0.035




indicates that full density was achieved by sintering 4 hours in
vacuum (10-5 -10-6 mm Hg) at 1250 C (2280 F). The titanium powder
had an average particle size of 6 microns. On the other hand, powder
averaging 28 microns in size did not exceed 96 per cent of full density
under the same conditions. The penalty in contamination through the
use of the finer powders is indicated by the rising TiH, curve corre-
sponding to arc-melted hardness. The effect of a longer sintering
time and a higher sintering temperature in densifying sodium-reduced
titanium containing about 0. 2 per cent NaCl and chloride-free tita-
nium, for comparison, are shown in Figure 27. The drop in density
for the contaminated titanium after several hours appeared to be
associated with the internal vaporization of NaCl or possibly with the
reaction

Ti + 2NaCl

) = TiCl + 2Na

(s) 2(g) (g)

There appeared to be no advantage in sintering for more than a few

(1

minutes at temperatures above 1250 C.

Hydrogen atmosphere is not effective in reducing oxide contami-
nation. At 900 C hydrogen will reduce TiO;, only to the Ti3zOg level
(Ref. 17). Furthermore, unless hydrogen is not exceptionally dry,
the titanium powder will react with the water vapor. Figure 28 indi~-
cates that titanium will be oxidized to TiO, during sintering in hydro-
gen unless the dew point is less than about -120 F. In addition, as
noted earlier, a vacuum appears preferable from a strength stand-
point for compacts pressed initially to lower densities. Finally,
hydrogen, residual magnesium, and possibly other impurities are
removed in whole or at least in part during vacuum sintering.

It has been reported, as the result of Soviet research (Ref. 43),
that it is preferable to heat titanium cyclically rather than isother-
mally during powder sintering. The densities reached over a 16-hour
period were favored by the cyclic treatment up to a temperature of
2012 F. However, similar work by Powell (Ref. 44) has shown that
sintering isothermally for 5 hours yielded densities and mechanical
properties that were equivalent to those obtained by cyclic sintering
using Mints' schedule.
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FIGURE 28. METAL-TO-METAL OXIDE EQUILIBRIA
IN HYDROGEN ATMOSPHERES (REF. 45)

Hot Pressing and Press Forming. It is not unusual in pow-
der metallurgy to employ mechanical-compaction forces either during
or after sintering to obtain increased densities. The desirability of
using coarse powder to minimize contamination as much as possible
was noted earlier. The use of coarse powders, however, delays
densification by solid-state diffusion. Two compaction procedures
for coarse titanium powder largely developed by Clevite Corporation
(formerly Brush lLaboratories) personnel are hot pressing and press
forming (Refs. 32,42,46-49). The first process involves vacuum
(about 2 microns) hot pressing at 850 to 900 C in a graphite die. The
second is better adapted to volume production and involves cold press-
ing in a tool steel die to a density of about 3. 85 g/cm3. This is fol-
lowed by vacuum sintering for about 1 hour at 1000 C (1830 F). The
next operation consists of warm forming at a pressure of about
150,000 psi in a steel die preheated to 600 C (1110 F), succeeded by
a second sintering operation in vacuum at 1000 C after which the
piece is pressed to final shape.

Figure 29 illustrates the type of press used in the successful
vacuum hot pressing of titanium powders. This does not, of course,
represent the ultimate design or maximum size practical for this kind
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of operation. Table XIX illustrates typical properties obtained by the
above two procedures.

TABLE XIX. ANALYSES AND PROPERTIES CORRESPONDING TO HOT-PRESSED
AND PRESS-FORMED TITANIUM (REFS. 42,46, 47)

Hot Pressed Press Formed

Chemical Analysis, per cent

Carbon 0.014 <0.01
Oxygen 0. 0929 0.1013
Nitrogen 0.013 0.011
Hydrogen 0. 00189 0.000375
Iron 0.095 0.090

Tensile Properties

0.2% Offset Yield Strength 39,900 psi 39,300 psi
Tensile Strength 58, 400 psi 64,200 psi
Elongation in 0. 850 Inch 35. 0% 42. 6%
Reduction of Area 53.3% 60. 5%
Rockwell Hardness Ra 48 --

Impact Strength
(V-Notch Charpy), ft-1b

-318 F 32 --
-40 F 42 --

19 F 36 --
200 F 40 --
400 F 37 --

Isostatic Compaction. Isostatic compaction is applicable to
the consolidation of titanium powders in the same way that it is to
other metals, again with the provision that care be used in avoiding
contamination. Two classes of isostatic compaction may be consid-
ered. In the first, compaction is carried out at ambient tempera-
tures. The powder is changed into a rubber or plastic container and
subjected to hydrostatic (i.e., isostatic) pressures. In the second,
use of higher temperatures necessitates employment of a gas and a
metallic container for the powder. This is the so-called ''gas pres-
sure bonding'" process.

Typical processing equipment is described in References 50
through 52. Powell (Ref. 53) has used a pliable-mold-compaction
process suitable for isostatic pressing of titanium powder. Isostatic
compaction of a variety of materials has been carried out on an ex-
perimental basis at Lawrence Radiation Laboratory (Ref. 54).
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Du Pont titanium sponge up to 1/8-inch maximum, Du Pont coarse
sponge over 1/4 inch, and U. S. Bureau of Mines flake were com-
pacted in stainless steel foil-lined bags. Oil was used as the pres-
sure transmission medium. Table XX presents typical results
obtained. Use of the foil liner prevented sticking and contamination
by the elastomeric pressure bag.

Cold isostatic compaction is advantagcous as compared with
solid die pressing for the following reasons:

(1) In general, it is possible to obtain more uniform as-
pressed densities in large billets or in certain shapes
that would be difficult to press in solid steel dies (for
cxample, hollow shapes).

(2) Molds for shaping powders can be made for inexpensive
materials.

(3) Where a sealed bag of some kind is used, an inert
atmosphere or a vacuum can be maintained.

Among the obvious disadvantages is that isostatic pressing is
less amenable to rapid production than is high-speed die pressing.
Further, specialized equipment is ordinarily required.

Titanium powder could be pressed by the hot gas-pressure sin-
tering method. However, there appear to be no data available re-
sulting from consolidation of titanium powder by gas-pressure
sintering.

Gas-pressure sintering, in concept at least, combines the ad-
vantages of both isostatic pressing and hot pressing. It is possible
through special procedures to make compacted shapes in a single
press-sinter operation, which would be more difficult by other pro-
cedures. One example is the use of gas-pressure sintering to make
full element structures to close dimensional tolerances and to full
densities. Among the disadvantages are the problem of metal-can
removal and the associated difficulty of adapting gas-pressure sinter-
ing to high-speed production.

Rolling of Powder. With the continued development of
powder-metallurgy technology there has been increasing interest in

continuous roll compacting to produce strip (Ref. 55). Titanium
strip about 0.5 mm in thickness has been directly rolled from
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dehydrided powder (Ref. 56). The rolling operation itself was quite
successful, but contamination could not be avoided in subsequent sin-
tering in a high-purity argon atmosphere. Data from this effort are
shown in Tables XXI, XXII, and XXIII. With adequate precautions to
prevent the entrance of damaging impurities, production of strip
should be feasible. Vacuum sintering of the cold-pressed strip in
coil form would appear to be a possible approach. Soviet interest in
powder rolling of titanium is indicated by References 57 and 58. The
latter reference describes the rolling of powder, sintering, cold
rolling of the strip, annealing, and cutting. A detailed treatment of
the rolling mechanics is included. Sintering was of brief duration
(several seconds to several minutes). Good results were obtained
with a temperature of 1050 C. It is reported that strip was rolled
that had a tensile strength of 70 kg/mm2 (100,000 psi) and an elonga-
tion of 25 per cent.

TABLE XXI, DENSITY OF TITANIUM STRIP (REF. 5G)

Sintering Theoretical
Time, Density, Porosity, Density,
hr g/cc per cent g/cc
0 3. 50 22.9 4.50
5-1/2 4,35 4,2 --
& 4,34 4.4 --
21 4.41 2.9 --

TABLE XXII. ITARDNESS OF TITANIUM STRIP (REF. 56)

FHardness,
Material DPH
Uncompacted Powder 190
Green Strip (surface, unctched) 241
Sintered for 5-1/2 Hours 5061
Sintered tor 8 Tours 490
Sintered for 21 Hours 426
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TABLE XXIII. TENSILE STRENGTH OF TITANIUM STRIP (REF, 56)

Ultimare Tensile
Density, Stress,
Material g/cc tsi
Sintered 8 Hours 4.29 42,3
Sintered 8 Hours 4.39 41.3
Sintered 8 Hours and Cold
Rolled 29 Per Cent -- 57.0
Sintered 21 Hours 4,41 16.6
Arc-Melted Commercial
Titanium 4,5 29. 47

Titanium powders can be consolidated by rolling in a sheath. A
procedure was developed at the Bureau of Mines for doing this
(Ref. 59). The general topic of sheath rolling has been reviewed by
Williams (Ref. 60).

High-Velocity Compaction. Titanium powder, like other
elemental powders, may be explosively compacted. Table XXIV
compares the results of work with titanium and other powders in
which canned powders were compacted with spiral-wrapped explo-
sives. Detonation was carried out in a water bath. It was possible
to form simple shapes by this procedure. Titanium was compacted
in lengths up to 20 inches. The high-energy-rate compaction of a
small batch of titanium powder by an explosively propelled flat-nosed
projectile has been done also (Ref. 61). The small slug obtained was
97 per cent dense. The explosive compaction of metal powders in
general has been reviewed by Geltman (Ref. 62).

TABLE XXIV. EXPLOSIVE COMPACTION OF TITANIUM AND OTHER METAL POWDERS (REF. 64)

Bulk
Density of Weightof Weight of Average Average Density Per Cent of
Metal Metal  Metal Powder/ Diameterof Density of of Solid Theoretical
Meral Powder, Powder,  Weightof  Compacted Compacted Metal, Density
Powder{2) g/cc g Explosive Mass, cm  Mass, g/cc  g/ee Achicved
W-titanium(®) 153 675 11.2 3.5 4.0 4.5 89
Aluminum 1.29 575 9.6 3.8 2.1 2.1 100
Copper 5.25 2154 16.5 4.2 8.45 8.9 95
Iron 2.5 1080 8.3 3.2 7.65 7.9 97

(a) All powders - 60 mesh,
(b) A granular titanium obtained by the sodium-reduction process.
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Pressureless Consolidation. The general topic of pressure-
less consolidation of metal powders has been discussed in detail by
Hausner (Ref. 63). Of the two principal methods of forming powders
without applied pressure, slip casting is not well adapted to titanium
powder because of the presence of embrittling reagents used in form-
ing the powder slip. It is possible that the second method, loose-
powder sintering, might be useful for porous-structure preparation.
In Soviet work, titanium powder was compacted to 38 per cent of full
density by vibration (Ref. 65). The vibrator used had a frequency of
14,000 cycles per minute and amplitudes up to 10 microns.

TITANIUM-BASE ALLOYS

Powder metallurgy has been employed by numerous investigators
in making a wide range of titanium-alloy parts (Refs. 39-42,66-76).
In most of their work, the Soviets have used calcium-reduced tita-
nium (Refs. 66,72,75,76), although calcium-reduced metal is ordi-
narily excessively high in oxygen content. The consolidation pro-
cedures used in some of the more recent work in making alloy parts
are summarized in Table XXV. In practically every instance, alloys
were made from elemental powders. In one case, a titanium-
aluminum master alloy powder was used. Tables XXVI and XXVII
from Weber (Ref. 41) illustrate the properties of Ti-2Al and Ti-6Al-
4V alloys as influenced by pressing pressure. As in the case with
unalloyed titanium, the rate of improvement in properties with in-
creasing pressure levelled off at about 50 tsi. Figure 30 illustrates
the strengths achieved in powder-metal sinterings. The fourth alloy
in the figure (4Al-4Mn) shows what can be achieved if coining and re-
sintering are added to the processing. Although this material was
sintered at a lower temperature than the first three alloys, the final
strengths were comparable to those of arc-melted and wrought alloys.
Ductility, impact, and fatigue strengths were also comparable to arc-
melted and wrought alloy. Figure 31 from Grimwade (Ref. 67) shows
the superior strength of a sintered and forged Ti-4Al-4Mn alloy as
compared with a similar cast and wrought alloy. Tables XXVIII and
XXIX, from this same paper, summarize room-temperature me-
chanical properties of the as-sintered alloy in various heat-treated
conditions, and compares these with properties of the sintered and
forged alloy. In general, the as-sintered alloys displayed low levels
of tensile ductility and strength. The increments of improvement
achieved by forging were appreciable.
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TABLE XXV. SUMMARY OF PRESSING AND SINTERING SCHEDULES USED IN
THE PRODUCTION OF A NUMBER OF ALLOYS

Source

Remarks

Robins, Pitkin, and Jenkins
(Ref, 40)

Weber (Ref. 41)

Schwope (Ref, 39)

Smart and Ellwood (Ref. 69)

Grimwade (Ref, 67)

Pressing
Pressure,
Alloy tsi

Ti~0 to 10Cr 40
Ti~0 to 10Mo 40
Ti-2Al 32, 51, 58
Ti-6Al-4V 45, 51, 58
Ti-1Al 70
Ti-2Al 70
Ti-2A1-58n 70
Ti-4Al-4Mn
Ti-2% 40-50(a)
Ti-5Sn 40-50
Ti-10Sn 40-50
Ti-158n 40-50
Ti-4A1-4Mn 40

1200 C (2190 F), 4 hours, vacuum press,
resinter; repeat sinter and press; final
sinter 1200 C, 4 hours,vacuum

1850 F (1010 C), 4 hours, vacuum
2200 F (1205 C), 4 hours, vacuum

2200 F (1205 Q), 1 hour, argon

2200 F (1205 C), 1 hour, argon

2200 F (1205 C), 1 hour, argon

1832 F (1000 C), 1 hour, argon
coined and resintered

1300 C (2370 F), 1 to 4 hours, vacuum

Ditto

1250 C (2280 F), 4 hours, vacuum

(a) Optimum,
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TABLE XXVI. MECHANICAL AND PHYSICAL PROPERTIES OF PRESSED AND SINTERED
2 PER CENT ALUMINUM ALLOY (REF. 41)

Pressing Pressure, tsi

Property 32 51 58

Tensile Strength, psi 70,000 85,000 86,000
Yield Strength, psi (0. 2% offset) 59, 000 70,000 72,000
Elongation, per cent in 1 inch 9 12 14
Reduction in Area, per cent 10 16 20
Hardness, Rp 82 91
Brinell, 500-kg load 109 130
Impact Properties (V-Notch Charpy), ft-1b 3.0 5.0
Fatigue Strength (Rotating Beam 10, 000 Cycles

per Minute ) Endurance Limir, 107 cycles 30,000
Endurance Ratio, per cent 35
Green Density, per cent of theoretical 0.162 1b/in. 3 87.5 94 95
Sintered Density, per cent of theoretical 0.162 lb/in. 3 91.0 95 96.2
Coefficient of Thermal Expansion, RT to 500 F Avg,

microinch per degree F 4.27
Electrical Resistivity, ohm-cm 1076 93
Thermal Conductivity, cal sec™l cm™2 ¢cm C7! 0.025

TABLE XXVII. MECHANICAL AND PHYSICAL PROPERTIES OF PRESSED AND SINTERED

6A1-4V ALLOY (REE. 41)

Pressing Pressure, tsi

Heat
Property 45 51 58 Treated(2)

Tensile Strength, psi 112,000 119,000 120,000 146, 000
Yield Strength, psi (0.2% offset) 105,000 107,000 110,000 133, 000
Elongation, per cent in 1 inch 6 6 6 4
Reduction in Area, per cent 7 9 9 7
Hardness, R 21 22.6 23.5
Brinell (3000-kg load) 217 229 229
Impact Properties (V-Notch Charpy), ft-1b 5.1 8.5 11.0
Fatigue Strength (Rotating Beam 10, 000 Cycles

per Minute) Endurance Limit, 107 cycles 27,000
Endurance Ratio, per cent 23
Green Density, per cent of theoretical 0.160 1b/in. S 91.3 93.2 93.2
Sintered Density, per cent of theoretical 0.160 1b/in. 3 95 96 96
Coefficient of Thermal Expansion, RT to 500 F Avg,

microinch per degree F 4.11 5.15
Electrical Resistivity, ohm-cm 1076 180
Thermal Conductivity, cal sec™! cm=2 cm C-1 0.015

(a) Heat treated 1 hour at 1750 F, water quenched, aged 24 hours at 900 F.
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INERT-DISPERSOID-STRENGTHENED TITANIUM

Powder-metallurgy technology in general provides the best pro-
cedures for incorporating "inert'" reinforcement agents such as
oxides, metal fibers, inorganic compound fibers, etc. (Refs. 39,
77-80). Figure 32 illustrates the strengthening of titanium by a TiC
addition. The carbide averaged 5 microns in size. Cold-pressed
compacts were vacuum sintered at 2200 F, canned, and heated to
1800 F for extrusion. Figure 33 illustrates the change in fiber orien-
tation that takes place during the working of a discontinuous fiber
composite. Figure 34 illustrates the strengthening of titanium by
molybdenum fibers. Figures 35 to 38 provide additional data on fiber
and dispersoid-strengthened titanium and a fiber-strengthened
Ti-6Al1-4V alloy.

ECONOMICS

Whether or not the powder-metallurgy consolidation and related
processing are economically advantageous depends on numerous fac-
tors, especially the cost of powder. Figure 39 shows that the number
of steps involved in arriving at a finished part are fewer and in some
instances less costly by powder metallurgy than by the wrought-
titanium route. Furthermore, the product yield per pound of material
is much greater by powder metallurgy than for parts machined from
wrought material. Tables XXX and XXXI illustrate cost savings for a
number of bearing housings made by hot pressing followed by machin-
ing as compared with forging from bar stock followed by machining.
In many parts that might be made by powder metallurgy no final ma-
chining would be required and the cost advantage would be corre-
spondingly greater. Figure 40 illustrates several types of parts that
have been produced economically by powder-metallurgy procedures.

SAFETY IN STORAGE AND HANDLING

There is general agreement that the handling of titanium in pow-
der form does not present any physiological hazard such as that
created by beryllium powder. There may exist, however, a very
real fire and/or explosion hazard for powder having a high exposed-
surface to volume ratio. For the combustion reaction Ti + O, = TiOp,
the heat of formation, AHfo, amounts to -225,750 cal/mole at room
temperature. This indicates the potential for gencrating intense heat
if ignition should occur.
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TABLE XXX. MATERIAL UTILIZATION FACTORS EOR HOT-PRESSED
J73 BEARING HOUSINGS (REF. 46)

Calculated
Finished Hot-Sintered Material Forging Material
Part Weight, Blank Weight, Utilization(2), Blank Weight, Utilization(3),
Part b 1b Hot Sintered b Forging
A 0.31 1.00 3.23 2.0 6.42
B 0.12 0.58 4,82 0.75 6.22
C 0.34 1.00 2.94 1.12 3.28
D 0.19 0.92 4. 84 1. 38 7,28
E 0.23 0. &1 3.02 1. 0u 4,34
F 0.21 0.78 3.76 1.13 5.37
G 0.21 0.46 2.19 0. 87 4.15
H 0. 42 0.62 1.48 0. 87 2.006
I 0.30 0. 51 1.70 0.62 2. 06
J 0.57 1. 06 1.86 1.50 2,63
K 0.24 0. 88 3.67 1.19 4,86
L 0.24 0.90 3.75 1.13 4.91
M 0.16 0.63 3.94 0. 81 5. 06
N 0.23 0.65 2,82 1. 00 4.35
O 0. 172 2.30 3.20 8. 87 12,30
P 0.18 0.73 -- -- --

weight of raw material required
weight of finished part

(a) Material urilization =

TABLE XXXI. COST REDUCTIONS ON SEVERAL J73 BEARING HOUSINGS (REF. 46)

Unit Price, Unit Price,
Hot Presscd and Forged and Machined

Part Machined (Minimum)
E $62. 00 $81.75
I T4. 50 84.217
G 71.00 76.00
J 62,00 91,7y
M 62. 00 32,25
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Table XXXII from a recent U. S. Bureau of Mines summary
(Ref. 81) lists titanium powder in the '"'severe' category with respect
to ignition and explosibility along with a number of other metal pow-
ders. The hydride appears to be a little less dangerous in this
regard.

TABLE XXXII. IGNITION TEMPERATURES AND EXPLOSIBILITY OF METAL POWDERS (REF. 81)

Minimum
Minimum  Igniting Maximum
Ignition Explosive  Energy Rate of
Temperature, Concen- for Maximum  Pressure
C tration, Dust Cloud, Pressure, Rise, Index of
Material Cloud layer oz/ft3 millijoules  psig psi/sec  Explosibility€a)
Severe

Aluminum, atomized 650 760 0.045 50 73 20, 000t >10
Aluminum-

magnesium alloy 430 480 0.020 80 86 10, 000 >10
Magnesium 620 490 0. 040 40 90 9,000 >10
Thorium hydride 260 20 0.080 3 60 G, 500 >10
Zirconium 20 190 0.045 15 55 G, 500 >10
Uranium hydride 20 20 0. 060 ) 43 6, 500 >10
Titanium 330 510 G. 045 25 70 5, 500 >10
Uranium 20 100 0.060 45 53 3,400 >10
Thorium 270 280 0.075 5 48 3,300 >10

Strong

Titanium hydride 480 540 0.070 60 96 12, 000 6.
Zirconium hydride 350 2170 0. 085 60 G9 9, 000 3.1
Aluminum -silicon

alloy 670 -- 0,040 60 74 7,500 3.6
Calcium silicide 540 540 0. 060 150 73 13, 000 2.0
Iron, carbonyl 320 310 0.105 20 41 2,100 1.6
Ferrotitanium 370 400 0. 140 20 53 Y, 500 1.3
Coal, Pittsburgh scam 610 180 0.055 60 83 2,300 1.0

(a) Index of explosibility = ignition sensitivity x explosion severity.

It is impossible to make quantitative generalizations about the
inflammability of titanium powder, sponge, turnings, etc. The rate
of burning is dependent on too many factors peculiar to any set of
circumstances. As a rule, the finer the particle size, the greater
the invitation to rapid combustion. Figure 41 (Ref. 81) illustrates
this cffect for aluminum powder and it can be inferred that titanium
would be affected in a similar manner.
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FIGURE 41. EFFECT OF AVERAGE PARTICLE DIAMETER
OF ATOMIZED ALUMINUM ON EXPLOSIBIL-
ITY INDEX (REF. 81)

Important safeguards in the handling and storage of titanium and
other metal powders include: elimination of all possible ignition
sources near the storage and processing areas; use of an inert-gas
atmosphere where practical; reduction in the amount of fine-dust
production, as far as possible; and good housekeeping. The sub-
division of large batches of powder into smaller isolated lots may be
advisable. If the powder is produced wet, it should be thoroughly
dried before storage. If an explosion hazard cannot be avoided, the
surrounding structure should be well vented. The Bureau of Mines
suggests that anyone working with fine titanium powder should follow
the latest recommendations outlined by the National Fire Protection
Association. When titanium powders are shipped, Interstate Com-
merce packaging specifications should be followed.
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SHAPING BY SPRAYING

In recent years there has been considerable activity in spraying
a variety of metals and ceramic materials. Spraying provides a
means for applying thin coatings for improved resistance to wear,
oxidation, corrosion, and erosion, and for restoring worn areas on
parts of considerable value. A list of spray materials and substrates
either of current interest or of potential interest is given in
Table XXXIII (Ref. 82).

For spraying to be of interest in making massive parts, it is
essential that the item be of considerable value, be of relatively
simple shape, and require a material that is not readily cast or ma-
chined. There are a few instances where these conditions exist,
notably rocket-nozzle inserts and nose cones, but for these items,
tungsten or high-melting compounds are the preferred materials.

Titanium and titanium alloys are not good candidates for spraying
into massive shapes because they can be processed easier by more
conventional and less costly methods. On the other hand, spraying
for providing a thin coating of titanium or to build up a localized area
on a valuable titanium part may be of interest.

TYPE OF EQUIPMENT REQUIRED

Because molten titanium is very reactive, it is necessary that it
be kept out of contact with oxygen, nitrogen, or carbon if serious
contamination is to be avoided. Therefore, only spraying methods
employing an inert gas can be used. Plasma spraying, using argon
atmosphere, is a suitable method for spraying titanium (Refs. 82-84).
The plasma torch is a gas-stabilized arc device. A pressurized gas
flows into a plenum chamber where it is ionized between a tungsten
electrode and a water-cooled copper nozzle that serves as the other
electrode. As the ionized gas flows into the reduced section of the
nozzle it becomes highly concentrated, resulting in a further increase
in temperature. There also is a pinch effect that serves to concen-
trate the current in the central region of the plasma. Self-induced
magnetic fields constrict the plasma further. These combined effects
result in temperatures in excess of 15,000 F.

A schematic drawing of a typical plasma spray gun is shown in

Figure 42. The material to be sprayed is injected into the plasma
stream as a powder or as an automatically fed wire. The molten
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FIGURE 42, SCHEMATIC OF A TYPICAL NONTRANSFERRED ARC

TYPE OF PLASMA-ARC TORCH EMPLOYED FOR
METAL-SPRAYING APPLICATIONS (REF. 83)
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particles strike the surface of the work piece at high velocity and
adhere mainly as the result of mechanical bonding.

Another process for spraying titanium and other reactive metals
under protective atmospheres was described by W. E. Stanton
(Ref. 85). The metal to be sprayed, in the form of 3/16-inch diame-
ter wire, was fed into an induction coil by a pair of rollers driven by
an electric motor. A wire straightener was incorporated in the wire~
feeding mechanism to ensure true alignment of the wire with the axis
of a nozzle. As the wire emerged from the feed rollers, it first
passed through a system of gas seals and then through the center of a
nonmetallic nozzle. The nozzle could be of alumina, porcelain, or
even certain plastics. The nozzle extended into the induction coil for
a distance of about 3/16 inch and continuous melting of the wire oc-
curred at a distance of 3/8 inch from the nozzle tip. The molten
metal was atomized and sprayed by a stream of argon in an inert-gas
chamber. Photomicrographs of titanium deposits made by the pro-
cess showed an acicular structure. No mechanical-property data
were reported.

STATE OF THE ART

A review of published literature and unpublished reports from
1958 to 1965, and contacts made with people active in the metal-
spraying field (Refs. 86-89), revealed that there has been very little
interest in spraying titanium.

Plasma flame spraying of titanium coatings was discussed in a
paper by H. S. Ingham, Jr. (Ref. 90). Titanium hydride powder was
sprayed onto smooth surfaces of high-density Alundum and zirconium
oxide with excellent bonding. The titanium hydride powder was =170
+325 mesh and contained approximately 3.4 per cent hydrogen by
weight. Titanium hydride is not pyrophoric, and can be handled in
air. Titanium metal, on the other hand, is pyrophoric in sizes much
below 200 mesh.

Titanium hydride was sprayed with both the Metco Thermo Spray
gun using either acetylene or hydrogen with oxygen and the Metco
2ZMB plasma flame spray gun using nitrogen-hydrogen gas. Resulting
coatings were metallic in appearance and were believed to be metal-
lic, since spraying was done at a temperature well above the decom-
position temperature for titanium hydride. However, metallographic
examination revealed 5 to 10 per cent oxides for the method employ-
ing oxygen.
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POSSIBLE APPLICATIONS

Possible applications for sprayed titanium include coatings for
corrosion resistance and for metal-to-ceramic seals. Buildup on
titanium parts for change of contour or restoration of worn areas is
also a possible application. To date these potential applications have
stimulated only limited development in the art of spraying titanium.

SHAPING BY ELECTROFORMING

Electroforming provides a method for fabricating complex shapes
in one piece with good dimensional accuracy, surface finish, and
chemical homogeneity. Typically, electroforming requires the fabri-
cation of a mandrel, the electrodeposition of a metal on the mandrel,
and the removal of the mandrel from the electrodeposited metal by
pulling, prying, melting, or dissolving. Structures with good
strength and density are being produced by electroforming of nickel,
nickel-cobalt alloys, iron, and copper, using aqueous solutions

(Ref. 91).

Attempts to deposit dense, coherent titanium were unsuccessful,
until Solar Aircraft Company devised a high-temperature, fused-salt
bath and adopted steel or stainless steel mandrels that would resist
the salt mixture., A. R. Stetson described the electrodeposition pro-
cedure for titanium in a recent publication (Ref. 92). A eutectic mix-
ture of 91 per cent potassium titanium chloride and 9 per cent sodium
fluoride was maintained at 1400 to 1740 F in graphite containers and
operated with cathode current densities of 15 to 25 amp/ft (4 volts).
The deposition rate gradually decreased from 2 to <0.5 mil/hour as
thickness increased to >30 mils. The mandrels were dissolved in
solutions containing sulfuric and nitric acid, after electrodeposition.
Hollow titanium cylinders and vessels with one closed end were pro-
duced at Solar (Ref. 93). No property data are available for electro-
formed titanium, nor have other organizations reported success in
electroforming titanium.

It now appears that activity in electroforming titanium has been
dropped because other methods of fabricating titanium are easier to
accomplish. The high temperature required for electrolysis of
titanium-salt solutions and the cost of the high-temperature-resistant
mandrels have discouraged research and development. It is under-
stood, however, that work is continuing on the electrodeposition of
thin titanium coatings for corrosion protection. Union Carbide
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Corporation (Cleveland, Ohio) has used the fluoride~-chloride eutectic
reported by Stetson (Ref. 94). Fused chloride salts have been used at
the U. S. Bureau of Mines (Ref. 95).

SHAPING BY CHEMICAL VAPOR DEPOSITION

Chemical vapor deposition consists of causing molecules in the
vapor phase to react chemically or at a heated surface. The reaction
and conditions are so chosen that all of the products except the de-
sired solid are volatile at the processing temperature. Atoms or
molecules of the solid are added by means of the reaction one at a
time so that, initially at least, the shape of the deposit conforms to
the shape of the deposition surface. In most of the reactions of this
type studied to date the shape of the final deposit is incidental to the
primary goal of producing a pure solid, providing a protective coating
for the surface, etc. However, the molecular forming nature of the
process does indeed hold promise that desired final shapes of many
different materials may be fabricated through chemical vapor deposi-
tion on suitable mandrels.

A general description of chemical vapor deposition as well as
detailed discussion of some specific areas of application is given in a
report prepared by J. M. Blocher, Jr., and others (Ref. 96). One
chapter of a forthcoming publication (Ref. 97) deals with vapor form-
ing and joining. In general, a suitable substrate is heated (resis-
tively, by induction or by radiation) within a reaction chamber and
exposed to the feed vapor (metal halide, carbonyl, metal-organic,
etc. ). In a closed system the reactant and product molecules move
to and from the surface by diffusion, while in a flow system the
products are continually removed as fresh feed arrives at the surface.
Alloys can be deposited by feeding a mixture of metal-bearing vapors.

Titanium can be deposited by thermal decomposition of titanium
tetraiodide or by the hydrogen reduction of titanium tetrabromide at
temperatures from 1832 to 2552 F. Dense microcrystalline deposits
can be obtained. The approach to fabrication of desired shapes would
be to use a preformed mandrel as the deposition surface that could
then be removed by melting, leaching or other means. The principal
problems to be overcome relate to control of thickness through regu-
lation of the rate of deposition over all the surface, and control of the
nucleation and growth to obtain the desired morphology. No infor-
mation was found relative to the use of chemical vapor deposition to
form titanium or titanium-alloy bodies. The chief advantage of
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shaping by chemical vapor deposition would best be realized in form-
ing of parts having complex shapes of materials that are difficult to
fabricate by other methods. Thus, titanium is not a likely candidate
for making shapes by vapor deposition.

CONCLUSIONS AND RECOMMENDATIONS

SHAPING BY CASTING

The high melting temperature of titanium and the chemical
reactivity of molten titanium require special melting and molding
techniques that place restrictions on the quality of the castings and
contribute to the high cost of castings. Castings of higher quality and
of lower cost might be expected if marked improvement could be
made in the following areas:

(1) A molding process that is simpler and quicker than the
present rammed-graphite molding process

(2) A molding formulation that is more inert than graphite
to chemical reaction with the melt, chills the melt less
drastically than a rammed-graphite mold so that more
intricate shapes can be run with a better finish and
better reproduction of surface detail, and produces
castings having narrow and reproducible dimensional
tolerances

(3) A core-molding formulation having the characteristics
given in Item 2 but, in addition, having the characteris-
tics of easier and quicker removal from the casting

(4) A method of melting that provides a desired volume of
metal at a specified uniform degree of superheat and
that can be poured at a desired rate. The present
skull-melting furnace produces a melt that is not
uniform in temperature during pouring. Because it
must be poured at the highest possible rate, a portion
of the melt at excessive superheat can aggravate reac-
tion with the mold, insufficient superheat can result in
a misrun or in poor feeding of the solidification shrink-
age, and excessive erosion of the mold can occur from
the rapid pouring.
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All of the above problem areas are important to the improve-
ment of the quality and the cost of producing titanium castings. Their
solution will require ingenious approaches that have not yet been
developed.

SHAPING BY POWDER METALLURGY

Of all the problems with titanium powder metallurgy one
problem stands out significantly, namely, providing a less expensive
source of high-quality powder. The problem of obtaining good powder
at economical prices is more severe in the case of titanium than, for
example, in the case of iron or copper. It has been shown that the
production of titanium hardware by the powder route is not only
economically but also technically advantageous in numerous instances,
that is if the starting material were available at a reasonable cost.

It is difficult to quote a fixed breakeven figure for powder costs. At
the present time, this figure appears to be about $2. 00/1b. The use
of cheaper but less pure grades of powder is less feasible in the case
of titanium than with many other metals because no purification is
possible during subsequent consolidation, e. g. , by the hydrogen
reduction or vacuum elimination of oxidé contamination.

A second problem area is in the development of good disper-
sion-strengthened titanium-base alloys. The powder-metallurgy
approach to the production of such alloys would be justified in view of
the difficulty or the impossibility of making this type of material by a
melting and casting procedure. The development of SAP-type alloys
has created a considerable amount of interest in analogous structures
in other systems. Present titanium alloys function quite well up to
about 800 F, but above this temperature a rapid decrease in strength
occurs. A direct parallel between SAP and titanium is not possible
because oxygen is very soluble in titanium and causes embrittlement.
Some preliminary work has been done on the incorporation of ThO;
in titanium. The success obtained with thoriated nickel has not been
achieved, however, in the case of titanium. The development of
fiber-reinforced titanium also appears to represent an area that
merits further effort.

SHAPING BY SPRAYING

The high affinity of molten titanium and titanium alloys for
gaseous contaminants makes spraying with a high-purity nonreactive
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gas, such as argon, essential. Melting can be accomplished in a
plasma or, if titanium wire is used, an induction coil may be em-
ployed. Further development work is needed on spraying equipment
and on the nature of the deposit, if the process is to find significant
application.

SHAPING BY ELECTROFORMING

The high temperatures required for deposition of titanium from
fused salts and the high cost of the mandrels make electroforming of
titanium shapes impractical at the present time. Therefore,
research leading to lower temperature baths and less expensive
mandrels may be warranted.

SHAPING BY CHEMICAL VAPOR DEPOSITION

The relatively high temperatures required for the chemical
vapor deposition of titanium places stringent requirements on the
material chosen for the mandrel. Research is required to develop a
material that can be easily machined, does not react with titanium at
deposition temperatures, and is capable of being stripped subsequent
to the vapor-forming process.

The preparation of high-purity titanium can now be carried out
by means of well-developed techniques. However, the morphology of
the deposit has not been an important specification to date. In vapor
forming, the morphology becomes a prime consideration. The ques-
tions of how the nucleation and growth processes determine final
morphology, and how to influence the nucleation and growth so as to
obtain the desired morphology must be answered by careful study of
these fundamental processes.
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APPENDIX

SPECIFICATIONS COVERING CAST TITANIUM
AND TITANIUM ALLOYS



TENTATIVE SPECIFICATION FOR
TITANIUM AND TITANIUM ALLOYS CASTINGS!

ASTM Designation: B 367-61T
Issued, 1961. 2

This Tentative Specification has been approved by the
sponsoring committee and accepted by the Society in
accordance with established procedures, for use
pending adoption as standard. Suggestions for re-
visions should be addressed to the Society at 1916 Race
St., Philadelphia 3, Pa.

Scope

1. This specification covers three grades of annealed titanium and
titanium alloy castings as follows:
Grade C-1. — Unalloyed titanium.

Grade C-2. - Titanium alloy (6 per cent aluminum, 4 per cent
vanadium).

Grade C-3. - Titanium alloy (5 per cent aluminum, 2.5 per cent
tin).

Basis of Purchase

2. Orders for material under this specification shall include the
following information as applicable:

(1) Grade number (Section 1),

(2) Size of tension test specimens (Section 9),

(3) Nondestructive test requirements (Section 11},

(4) Finish (Section 13),

{5) Marking (Section 14),

(6) Certification reports (Section 15), and

(7) Disposition of rejected material (Section 16).

Manufacture

3. The titanium castings covered by this specification shall be
manufactured by the methods conventionally used for reactive metals.

'Under the standardization procedure of the Society, this specification is under the jurisdiction of
the ASTM Committee B-2 on Nonferrous Metals and Alloys.
2A<:cepted by the Administrative Committee on Standards, May 10, 1961.
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Specification for Titanium Alloy Castings (B 367)

Chemical Composition

4. The grades of titanium and titanium alloy castings covered by
this specification shall conform to the requirements as to chemical
composition prescribed in Table I.

Sampling for Chemical Analysis

5. Samples for chemical analysis shall be representative of the
material being tested. The utmost care shall be used in sampling
titanium for chemical analysis because of its great affinity for ele-
ments such as oxygen, nitrogen, and hydrogen. Chips should be col-
lected from clean metal and tools shall be clean and sharp.

Methods of Chemical Analysis

6. The chemical analysis shall be conducted in accordance with the
Methods for Chemical Analysis of Titanium and Titanium Base Alloys
(ASTM Designation: E 120),3 or as agreed upon by the manufacturer
and the purchaser.

Check Analysis

7. Check analysis tolerances, Table II, do not broaden the speci-
fied heat analysis requirements, but cover variations between differ-
ent laboratories in the measurement of chemical content. The manu-
facturer shall not ship material that is outside the limits specified in
Table I for the applicable grade. Check analysis tolerances shall be
as specified in Table II.

Tensile Properties

8. (a) Castings supplied under this specification as represented by
test specimens shall conform to the requirements for tensile proper-
ties prescribed in Table III for the grade specified.

(b) Tension test specimens shall be machined and tested in
accordance with the Methods of Tension Testing of Metallic Materials
(ASTM Designation: E 8).4 Tensile properties shall be determined
using a strain rate of 0.003 to 0.007 in. per in. per min through the
specified yield strength.

31960 Book of ASTM Methods for Chemical Analysis of Metals,
41961 Book of ASTA! Standards, Part 3,
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TABLEI. CHEMICAL COMPOSITION REQUIREMENTS

Element Grade C-1 Grade C-2 Grade C-3
Nitrogen, max, per cent 0.05 0. 07 0.07
Carbon, max, per cent 0.10 0.10 0.10
Hydrogen, max, per cent 0.0100 0.0100 0.0100
Iron, max, per cent 0.40 0.40 0.50
Oxygen, max, per cent 0.40 0.25 0.30
Aluminum, per cent -- 5.5t06.5 4.0t06.0
Vanadium, per cent -- 3.5104.5 --

Tin, per cent -~ -- 2.0t03.0
Titanium, per cent(a) remainder remainder remainder

(a) The percentage of titanium is determined by difference,

TABLE II. CHECK ANALYSIS TOLERANCES

Maximum or Tolerance,

Element Range, per cent per cent
Nitrogen .07 +0. 02
Carbon 0.10 +0. 02

Hydrogen 0.010 +0, 002
Iron 0.50 +0. 15
0.25 +0. 04
Oxygen 0.30 +0. 06
0.40 +0, 08
Aluminum 4,.0t06.5 +0. 40
Vanadium 3.5t0 4.5 +0. 15
Tin 2.0t03.0 $0. 15

TABLE 11I. TENSILE PROPERTIES

Yield Strength
Tensile (0.2 Per Cent
Strength, Offset), Elongation in 2 In.,
Grade min, psi min, psi min, per cent
C-1 65 000 55 000 12
C-2 130 000 120 000
C-3 115 000 105 000 8
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Specification for Titanium Alloy Castings (B 367)

Test Specimens

9. All test specimens shall be cast from the same heat at the same ‘
time and in the same manner as the castings they represent. The
bars shall be of sufficient size to be machined into a 0.250-in. diame-
ter test section, having a 1-in. gage length, in accordance with
Fig. 8 of Methods E 8. Other size test bars may be specified by the
purchaser and agreed upon by the manufacturer.

Number of Tests

10. Two tension specimens shall be tested for each heat of
material.

Nondestructive Inspection

l1. (a) The manufacturer shall inspect such castings by radio-
graphic or other methods of nondestructive inspection if specified in
the contract or purchase order and when mutually agreed upon by the
manufacturer and the purchaser.
(b) Methods of procedure and the number of pieces and areas
to be inspected shall be as agreed upon by the manufacturer and the
purchaser.

Workmanship

12. All castings shall be made in a workmanlike manner and shall
conform to the dimensions on drawings furnished by the purchaser
before production of parts is started. If the pattern is supplied by the
purchaser, castings shall conform to the dimensions predicated by
the pattern. The castings shall be free from injurious external and
internal imperfections of a nature that will interfere with the purpose
for which the castings are intended.

Finish

Y

13. (a) Castings shall be cleaned as agreed upon by the manufac-
turer and the purchaser. Cleaning may be accomplished by blasting
with grit or any metallic corrosion-resisting shot or by any other
approved method.

(b) Repair by Welding. — Minor defects that will not ultimately
impair the usefulness of the castings may be welded by an inert-gas
shielded process agreed upon by the manufacturer and the purchaser.
The composition of the deposited metal shall approximate that of the
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Specification for Titanium Alloy Castings (B 367)

casting itself, otherwise, the composition shall be subject to agree-
ment between the manufacturer and the purchaser. Defects shall be
considered minor when the depth of the cavity prepared for welding is
not greater than 20 per cent of the actual wall thickness but in no
case greater than 1 in. Minor defects may be welded without secur-
ing the approval of the purchaser, whereas defects other than minor
may be repaired only with the consent of the purchaser. All castings
shall be annealed following welding.

Marking

14. Marking shall be as agreed upon by the manufacturer and the
purchaser.

Certification

15. If so requested by the purchaser, the manufacturer shall
supply at least one copy of his report certifying that the material
supplied has been inspected and tested in accordance with the require-
ments of this specification and that the results of chemical analysis
and mechanical tests meet the requirements of this specification for
the appropriate grade.

Rejection

16. Material not conforming to this specification or to authorized
modifications shall be subject to rejection. Unless otherwise speci-
fied, rejected material may be returned to the manufacturer at the
manufacturer's expense, unless the purchaser receives, within three
weeks of notice of rejection, other instructions for disposition of the
material.
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OREGON METALLURGICAL CORPORATION
MATERIAL SPECIFICATION OMC-105

CASTINGS ~ UNALLOYED TITANIUM

SCOPE

l.1. This specification is primarily for corrosion-resistant,
weldable, unalloyed titanium castings.

MATERIAL AND PROCESS

2.1. When titanium sponge is used as the starting material, the
sponge shall be double vacuum melted before casting.

2.2. Unalloyed titanium solids and/or chips may be used as the
starting material. Appropriate processes will apply when
these materials are used.

2.3. The final melting prior to casting shall be by the vacuum
consumable-electrode process.

CHEMICAL COMPOSITION (Sce para. 7)

3.1. The chemical requirements are:

Carbon 0.10 max
Hydrogen 0.015 max
Nitrogen 0. 05 max.
Oxygen 0.40 max. (1)
Iron 0.40 max.
Other Elements, total 0.40 max. (2)
Titanium Balance

(1) Excess of this limit shall not be cause for recjection.
(2) Need not be reported.

MECHANICAL PROPERTIES (Sce para. 7.)

4.1. With the rate of strain maintained at 0.005 in. per in. per
minute through the yield strength and increased so as to
produce failure in approximately a minute after the yield
strengtn is reached, the test bars produced with the casting
shall have the following propertics in the specified ranges.

Tensile strength 65,000-105,000 psi
Yicld strength at 0. 2% offset 55,000-95,000 psi
Elongation 12% min.




OMC-105

MECHANICAL PROPERTIES (continued)

4.2. Five Brinell Hardness (3000 Kg) impressions per heat shall
be made on the castings, the test plugs, or representative
pieces from each pour. The average of the five hardness
readings shall not exceed 235 BHN. No single hardness
reading shall exceed 245 BHN.

QUALITY

5.1. Casting shall be uniform in quality and condition.

5.2. The surface shall be compatible with the casting process.

5.3. Weld repairs may be made when casting flows are deemed
detrimental for final usage. Random shrinks and/or porosi-
ties characteristic in all castings may be accepted if they
are not gross or do not affect the final usage.

5.4. Castings shall be dye penetrant inspected. Any linear indi-
cation — where the length is four times or greater than the
width - will be removed or repaired.

IDENTIFICATION

6. 1. If specified, each casting shall be identified with the part
number and an Oremet identification symbol by the use of
raised numbers in a location indicated on the drawing.

6.2. If specified but no location is shown on the drawing, the num-
ber shall be so located as not to be machined off in finishing
to the required final dimensions.

REPORTS

7.1. Certified chemical and mechanical test results are reported

upon request and at no additional cost.

The certification shall include the chemical test results,
mechanical test results, the Oremet heat number, the
quantity of castings, the casting part numbers, and the
purchase order number.
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OREGON METALLURGICAL CORPORATION
MATERIAL SPECIFICATION OMC-164-B

CASTINGS - TITANIUM, 6-ALUMINUM, 4-VANADIUM -
CERTIFIED

ACKNOWLEDGMENTS

1. 1.

OREMET shall mention this specification number in all
pertinent quotations and when acknowledging purchase
orders.

APPLICABLE SPECIFICATIONS

2.1. The following specifications, of the issue in effect on date of
invitation for bids, form a part of this specification to the
extent herein described:

2.1.1. MIL-1-6865 Inspection, Radiographic

2.1.2. MIL-1-6866 Inspection, Penetrant

2.1.3. MIL-C-6021 Castings, Classification and Inspection

2.1.4. Federal Test Method Standard No. 151

2.1.5. X-ray Standard for Titanium Castings (Being
prepared)

APPLICATION

3.1. This specification is primarily for high strength titanium

alloy aircraft castings requiring room temperature ultimate
tensile strength above 137,000 psi, lightweight, and good
corrosion resistance.

TYPES AND GRADES

4.1.

88

Unless otherwise specified, castings are to be in the as-
cast condition. If annealed condition is specified the anneal-
ing heat treatment shall be 1000°F for 4 hours followed by
air cool.

Casting classification shall be as specified on the applicable
casting arawing. Class definitions shall be as specified in
MIL-C-6021.




OMC-164-B

5. CASTING METHOD

5.1. Casting molds shall be rammed graphite mixed with suit-
able binders, unless otherwise specified.

5.2. Melting shall be by the vacuum double melt process when
the titanium source is either raw sponge or raw sponge
compacts. Use of titanium solids in preparation of elec-
trode stock is permitted, provided all other requirements
of this specification are met. All melting shall be by the
vacuum consumable electrode process.

6. COMPOSITION

6.1. Castings shall be of the following composition:

Weight Percent

Carbon .10 max
Hydrogen .015 max
Nitrogen .07 max
Oxygen .25 max
Iron .30 max
Aluminum 5.5 - 6.5
Vanadium 3.5-4.5
Other Elements .4 max
Titanium Balance

6.2. FEach heat shall be analyzed for each of the elements listed
in paragraph 6.1. except titanium. Chemical analysis of
each lot shall be certified by OREMET. Analysis for hydro-
gen shall be on-samples removed after all vendor process-
ing. All analyses shall be performed using equipment and
procedures approved by the procuring agency. Hydrogen
analysis sample shall be removed from a location desig-
nated on the casting drawing, or from a separate coupon
from the same heat and processed at the same time as the
casting lot. This coupon shall be no thicker than the
thinnest section of the casting.

7. QUALITY

7.1. Castings shall be uniform in quality and condition, well
cleaned, and have a uniformly smooth surface compatible
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Quality (continued)

7.4.

with the casting process. Castings shall be free of surface
contamination (such as oxygen, nitrogen, or other foreign
cohtaminants).

Unless otherwise specified, metallic grit or shot shall not
be used for final cleaning.

Castings shall not be repaired by plugging, welding, peen-
ing, or other methods without written permission of the
procuring agency.

The areas of castings subject to soundness requirement
shall be as specified, and the number and extent of defects
in such areas shall not be greater than indicated by the
standard furnished or approved by the procuring agency.
Combinations of cracks, shrinkage cavities, cold shuts,
misruns, or other defects not individually cause for rejec-
tion, but which are so aligned as to cause stress concentra-
tion are cause for rejection.

When soundness is specified in accordance with paragraph
7.4 it shall be determined in accordance with visual, pene-
trant, and radiographic inspection methods established by
MIL-C-6021, MIL-1-6865, and MIL-1-6866.

TENSILE PROPERTIES

8.1.

All test specimens shall be cast in a graphite mold in the
same heat and in the same manner as the castings which
they represent.

Two cast test bars per heat shall be furnished to the
purchaser. Bars shall be of sufficient size to be machined
into type R3 specimen in accordance with Method 211.1 of
Federal Test Method Standard No. 151.

Vendors shall conduct at least two tensile tests per heat.

Tensile tests are to be performed in accordance with
Federal Test Method Standard No. 151 using type R3 speci-
men. Strain rate shall be . 005 + /- .002 in/in/min through
0.2 per cent strain.
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8. Tensile Properties (continued)

8.

5.

Tensile properties of each separately cast specimen or
specimens sectioned from a critical area of 1A castings
shall meet or exceed the following minimum values:

Yield tensile strength (. 2% offset) 120,000 psi

Ultimate tensile strength 137,000 psi
Elongation 6 per cent
Reduction of area 10 per cent

9. IDENTIFICATION
9.1.

Unless otherwise specified, each casting shall be identified
with the part number and an OREMET identification symbol
approved by the purchaser by the use of raised numerals in
a location indicated on the drawing. When no location is
shown on the drawing, the number shall be so located as not
to be machined off in finishing to the required casting
dimensions. Such numbers shall not be at indicated tool
point locations.

10. CHEMICAL REMOVAL OF SURFACE MATERIAL

e 10,1, If pickling is specified, all castings shall be pickled to re-

move .010 inch minimum material per surface. If pickling
is not specified, all castings shall be finish-cleaned by
pickling to remove .00l to .002 inch material per surface.
Foreign material, such as particles of mold, adhering to
the casting surface shall be removed prior to pickling.
Castings shall not be peened, abrasive blasted or otherwise
finished after pickling unless otherwise specified.

11. CERTIFICATION

11.

1.

Three copies of a quality certification shall accompany or
precede each lot of castings. The certification shall include
results of analyses in accordance with paragraph 6.2, the
results of tensile tests in accordance with paragraphs 8.3
and 8.4, the vendors heat number, the thickness of material
removed by pickling in accordance with paragraph 10.1, the
quantity of castings constituting that lot, the casting part
number, and the purchase order number.
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‘ 12. DEFINITIONS

12.1. A lot consists of castings of the same heat, the same con-
figuration, the same condition, processed at the same time,
and submitted for inspection at the same time.

| 12.2. A heat consists of the material produced in one melting and
pouring cycle.

OREGON METALLURGICAL CORPORATION
MATERIAL SPECIFICATION OMC-166-A

CASTINGS - TITANIUM, 5-ALUMINUM, 2%-TIN

1. APPLICABLE SPECIFICATIONS

1.1. The following specifications, of the issue in effect on date of
invitation bids, form a part of the specification to the extent
herein described:

1.1.1. MIL-1-6865 Inspection, Radiographic

1.1.2. MIL-1-6866 Inspection, Penetrant

1.1.3. MIL-C-6021 Castings, Classification and Inspection
1.1.4. Federal Test Method Standard No. 151

1.1.5. X-ray Standards for Titanium Castings (Being
prepared)

2. APPLICATIONS

2.1. This specification is primarily for weldable, light-weight,
corrosion-resistant, cast parts requiring certified me-
chanical properties where higher strength is needed than
can be obtained from unalloyed titanium castings and better
weldability is desired than can be obtained from 6Al-4V
alloyed titanium castings.

3. TYPES AND GRADES

3.1. Unless otherwise specified, castings are to be in the as-
cast condition. If annealed condition is specified, the
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Types and Grades (continued)

annealing treatment shall be 1500°F for one hour in vacuum,
argon, or other atmosphere approved by the purchaser.
Dew point of argon shall be no higher than minus 60°F.

CASTING METHOD

4.1. When the titanium source is either raw sponge or raw
sponge compacts, the sponge shall be double vacuum melted.
Use of titanium solids in preparation of electrodes is per-
mitted. The final melting shall be by the vacuum
consumable-electrode cold-crucible skull-melt process.

COMPOSITION

5.1. Castings shall be of the following composition:

Weight Per Cent

Aluminum 4.0 - 6.0

Tin 2.0-3.0

Carbon 0.1 Max

Nitrogen 0. 07 "

— -—Oxygen —— e 03— e e

Hydrogen 0.015

Iron 0. 40 "

Other Elements (total) 0. 30 "

Titanium Balance

5.2. Each heat shall be analyzed for each of the elements listed
in paragraph 5.1 except titanium. Chemical analysis of
each lot shall be certified.

QUALITY

6.1. Castings shall be uniform in quality and condition, well
cleaned, and have a uniformly smooth surface compatible
with the casting process.

6.2. Unless otherwise specified, metallic grit or shot shall not
be used for final cleaning.

6.3. The areas of castings subject to soundness requirements
shall be as specified and the number and extent of defects
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Quality (continued)

in such areas shall not be greater than indicated by the
standard furnished or approved by the purchaser. Combi-
nations of cracks, shrinkage cavities, cold shuts, or mis-
runs, or other defects not individually cause for rejection,
but which are so aligned as to cause stress concentrations
are cause for rejection.

6.4. When soundness is specified in accordance with paragraph
6.3 it shall be determined in accordance with visual, pene-
trant, and radiographic inspection methods established by
MIL-C-6021, MIL-1-6865, and MIL-1-6866.

TENSILE PROPERTIES

7.1. All test specimens shall be cast in a graphite mold in the
same heat and in the same manner as the castings which
they represent.

7.2. Two cast test bars per heat shall be furnished to the
purchaser. Bars shall be of sufficient size to be machined
into type R-3 specimens in accoerdance with Method 211.1 of
Federal Test Method Standard No. 151.

7.3. OREMET shall conduct at least two tensile tests per heat.

7.4. Tensile tests shall be performed in accordance with Federal
Test Method Standard No. 151 using type R-3 specimens.
Strain rate shall be 0.005 + /- 0.002 in/in/min. through
0.2 per cent strain.

7.5. Tensile properties of separately cast specimens or speci-
mens sectioned from critical areas of 1-A castings shall
meet or exceed the following minimum values:

Tensile Yield Strength (0.2% offset) 105,000 psi

Ultimate Tensile Strength 115,000 psi

Elongation in 4D 10 per cent
IDENTIFICATION

8.1. Unless otherwise specified, each casting shall be identified
with the part number and an OREMET identification symbol
by the use of raised numbers in a location indicated on the
drawing. When no location is shown on the drawing, the
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8. Identification (continued)

number shall be so located as not to be machined off in fin-
ishing to the required casting dimensions. Such numbers
shall not be at indicated tool locations.

9. CERTIFICATION

9.1. Three copies of a quality certification shall accompany or
precede each lot of castings. The certification shall include
results of analyses in accordance with paragraph 5. 2, the
results of the tensile test in accordance with paragraphs
7.3 and 7.4, the OREMET heat number, the quantity of
castings constituting that lot, the casting part number, and
the purchase order number.

10. DEFINITIONS

10. 1. A lot consists of castings of the same heat, the same con-
figuration, the same condition, processed at the same time,
and submitted for inspection at the same time.

10. 2. A heat consists of the material produced in one melting and
-~ -.-pouring cycle.

OREGON METALLURGICAL CORPORATION
TENTATIVE MATERIAL SPECIFICATION OMC-167-T

CASTINGS - TITANIUM ALLOY - HIGH STRENGTH
Al - Zr -Sn - Fe - Cr - V

1. APPLICABLE SPECIFICATIONS

1.1. The following specifications of the issue in effect on date of
invitations to bids form a part of this specification to the
extent herein described:

1.1.1. MIL-1-6865: Inspection - Radiographic

1.1.2. MIL-1-6866: Inspection - Penetrant

1.1.3. MIL-C-6021: Castings, classification and inspection
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Applicable Specifications (continued)

1.1.4. Federal Test Methods Standard No. 151

1.1.5. X-ray Standards for Titanium Castings (Being
prepared)

APPLICATIONS

2.1. This specification is primarily for light-weight corrosion
resistant parts of the highest strength obtainable in cast
titanium.

TYPES AND GRADES

3.1. Unless otherwise specified, castings are to be in the as-
cast condition. If annealed condition is specified, the
annealing treatment shall be 1000°F for four hours followed
by air cooling.

3.2. Casting classification shall be as specified in the applicable
casting drawing. Class definitions shall be as specified in
MIL-C-6021.

CASTING METHOD

4.1. Casting molds shall be rammed graphite mixed with suit-
able binder unless otherwise specified.

4.2. When the titanium source is either raw sponge or raw
sponge compacts, the sponge shall be double vacuum melted.
Use of titanium solids in preparation of electrodes is per-
mitted. The final melting shall be by the vacuum
consumable-electrode cold-crucible skull-melt process.
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5. COMPOSITION

5.1. Castings shall be of the following composition:

Weight Per Cent

Carbon 0.10 Max
Hydrogen 0.015 "
Nitrogen 0.07 "
Oxygen 0.25 "
Iron 0.5-1.5
Aluminum 3.0 -5.0
Tin 3.0 -5.0
Zirconium 7.0 -9.0
Vanadium 0.5-1.5
Chromium 0.5-1.5
Other Elements (Total) 0.4 Max
Titanium Balance

5.2. FEach heat shall be analyzed for each of the elements listed
in paragraph 5.1 except titanium. Chemical analysis of
each lot shall be certified.

6. QUALITY

6.1. Castings shall be uniform in quality and condition, well
cleaned, and have a uniformly smooth surface compatible
with the casting process.

6.2. Unless otherwise specified, metallic grit or shot shall not
be used for final cleaning.

6.3. The areas of castings subject to soundness requirements
shall be as specified and the number and extent of defects
in such areas shall not be greater than indicated by the
standard furnished or approved by the purchaser. Combina-
tions of cracks, shrinkage cavities, cold shuts, or mis-
runs, or other defects not individually cause for rejection,
but which are so aligned as to cause stress concentrations
are grounds for rejection.

6.4. When soundness is specified in accordance with paragraph
6.3 it shall be determined in accordance with visual,
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6. Quality (continued)

penetrant, and radiographic inspection methods established
by MIL-C-6021, MIL-1-6865, and MIL-1-6866.

7. TENSILE PROPERTIES

7.1.

7.4.

All test specimens shall be cast in a graphic mold in the
same heat and in the same manner as the castings which
they represent.

Two test bars per heat shall be furnished to the purchaser.
Bars shall be of sufficient size to be machined into type R-3
specimens in accordance with Method 211.1 of Federal Test
Method Standard 151.

OREMET shall conduct at least two tensile tests per heat.

Tensile tests shall be performed in accordance with Federal
Test Method Standard No. 151 using Type R-3 specimens.
Strain rate shall be 0.005 +/~ 0.002 in/in/min. through

0.2 per cent strain.

Tensile properties of separately cast specimens or speci-
mens cut from critical areas of 1 A castings shall meet or
exceed the following minimum values:

Tensile Yield Strength 130,000 psi
Ultimate Tensile Strength 150,000 psi
Elongation in 4D 6 per cent

Reduction in Area 10 per cent

8. IDENTIFICATION

8.1.
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Unless otherwise specified, each casting shall be identified
with the part number and an OREMET identification symbol
by the use of raised number in a location on the drawing.
When no location is shown on the drawing, the number shall
be so located as not to be machined off in finishing to the
required casting dimensions. Such numbers shall not be at
indicated tool locations.
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OMC-167-T and OMC-168-T

CERTIFICATION

9.1. Three copies of a quality certification shall accompany or
precede each lot of castings. The certificate shall include
results of analyses in accordance with paragraph 5. 2, the
results of tensile tests in accordance with paragraphs 7.3
and 7.4, the OREMET heat number, the quantity of castings
constituting that lot, the casting part number, and the
purchase order number.

DEFINITIONS

10.1. A lot consists of castings of the same heat, the same con-
figuration, the same condition, processed at the same time,
and submitted for inspection at the same time.

10. 2. A heat consists of the material produced in one melting and
pouring cycle.

OREGON METALLURGICAL CORPORATION
TENTATIVE MATERIAL SPECIFICATION OMC-168-T

CASTINGS - TITANIUM, 2-COPPER

APPLICATION

1.1. This specification is primarily for light-weight, corrosion-
resistant cast parts where higher strengths are required
than can be obtained from unalloyed titanium castings and
greater ductility is required than can be obtained from
titanium 5A1-214Sn castings.

CASTING METHOD

2.1. When the titanium source is either raw sponge or raw
sponge compacts, the sponge shall be double vacuum melted.
Use of titanium solids in preparation of electrodes is per-
mitted. The final melting shall be by the vacuum
consumable-electrode cold-crucible skull-melt process.
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3. COMPOSITION

3.1. Castings shall be of the following composition:

Weight Per Cent

Copper 1.0 - 3.0
Carbon 0.10 Max
Nitrogen 0.07 "
Oxygen 0.25 "
Hydrogen 0.015 v
Iron 0.30 "
Other Elements (Total) 0.40 "
Titanium Balance

3.2. Each heat shall be analyzed for each of the elements listed
in paragraph 3.1 except titanium. Chemical analysis of
each heat shall be certified.

4. QUALITY

4.1. Castings shall be uniform in quality and condition, well
cleaned and have a uniformly smooth surface compatible
with the casting process.

4.2. Unless otherwise specified, metallic shot or grit shall not
be used for final cleaning.

4.3. Casting shall be dye penetrant inspected.

5. TENSILE PROPERTIES

5.1. All test specimens shall be cast in a graphite mold in the
same heat and in the same manner as the castings which
they represent.

5.2. Two test bars per heat shall be furnished to the purchaser.
Bars shall be of sufficient size to be machined into type R-3
specimens in accordance with method 211.1 of Federal Test
Method Standard No. 151.

5.3. OREMET shall conduct at least two tensile tests per heat.
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Tensile Properties (continued)

5.4. Tensile tests shall be performed in accordance with Federal
Test Method Standard No. 151 using Type R-3 specimens.
Strain rate shall be 0.005 +/~ 0.002 in/in/min through 0.2
per cent strain.

5.5. Tensile properties of separately cast specimens shall meet
or exceed the following minimum values:

Tensile Yield (0. 2% offset) 60,000 psi

Ultimate Tensile Strength 75,000 psi

Elongation in 4 D 12 per cent

Reduction in Area 20 per cent
IDENTIFICATION

6.1. If specified, each casting shall be identified with the part
number and an OREMET identification symbol by the use of
raised numbers in a location indicated on the drawing.
When no location is shown on the drawing, the number shall
be located as not to be machined off in finishing to the re-
quired casting dimensions. Such numbers shall not be at
indicated tool point locations.

CERTIFICATION

7.1. Three copies of a quality certification shall accompany or
precede each lot of castings. The certification shall include
results of analyses in accordance with paragraph 3.2 and
the results of tensile tests in accordance with paragraphs
5.3 and 5.4, the OREMET heat number, the quantity of
castings constituting that lot, the casting part number, and
the purchase order number.

DEFINITIONS

8.1. A lot shall consist of castings of the same heat, the same
configuration, the same condition, processed at the same
time and submitted for inspection at the same time.

8.2. A heat consists of the material produced in one melting and
pouring cycle.
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